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PREFACE 


This  document  is  a collection  of  technical  reports  on 
research  conducted  by  the  participants  in  the  1988  NASA/ASEE 
Sumner  Faculty  Fellowship  Program  at  Kennedy  Space  Center  (KSC). 
This  was  the  fourth  year  that  a NASA/ASEE  program  has  been 
conducted  at  KSC.  The  1988  program  was  administered  by  the 
University  of  Central  Florida  in  cooperation  with  KSC.  The 
program  was  operated  under  the  auspices  of  the  American  Society 
for  Engineering  Education  (ASEE)  with  sponsorship  and  funding  from 
the  Office  of  Educational  Affairs,  NASA  Headquarters,  Washington, 
D.C.  The  KSC  program  was  one  of  eight  such  Aeronautics  and  Space 
Research  Programs  funded  by  NASA  Headquarters  in  1988.  The  basic 
common  objectives  of  the  NASA/ASEE  Summer  Faculty  Fellowship 
Program  are : 

a.  To  further  the  professional  knowledge  of  qualified 
engineering  and  science  faculty  members; 

b.  To  stimulate  an  exchange  of  ideas  between  participants 
and  NASA; 

c.  To  enrich  and  refresh  the  research  and  teaching 
activities  of  participants'  institutions;  and, 

d.  To  contribute  to  the  research  objectives  of  the  NASA 
centers . 

The  KSC  Faculty  Fellows  spent  ten  weeks  (June  1 through 
August  7,  1988)  working  with  NASA  scientists  and  engineers  on 
research  of  mutual  interest  to  the  University  faculty  member  and 
the  NASA  colleague.  The  editors  of  this  document  were  responsible 
for  selecting  appropriately  qualified  faculty  to  address  some  of 
the  many  problems  of  current  interest  to  NASA/KSC.  A separate 
document  reports  on  the  administrative  aspects  of  the  1988 
program.  The  NASA/ASEE  program  is  basically  a two-year  program  to 
allow  in-depth  research  by  the  University  faculty  member.  In  most 
cases  a faculty  member  has  developed  a close  working  relationship 
with  a particular  NASA  group  that  has  provided  funding  beyond  the 
two-year  limit. 
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2.  ABSTRACT 


Plant  growth  in  a controlled  ecological  life  support  system  may  entail  the 
vola?no  extended  time  periods  of  phytotoxic  concentrations  of 

volatile  organic  compounds  produced  by  the  plants  themselves.  Ethylene 

.rTr"*"  gaseous  emission  of  plants,  and  is  the  focus  of  this  report 
determine  the  rate  of  ethylene  release  bv  spring 
lettuce  during  early,  middle,  and  late  growth 

segments  of  the  dlurnfl  cycle 

witrmfxn  the  nutrient  film  technique  were  c^er;d 

with  plexiglass  containers  for  4 to  6 h.  At  intervals  after  enclosure 

gas  samples  were  withdrawn  with  a syringe  and  analyzed  for  ethylene  with 
a gas  chromatograph.  Lettuce  produced  10  to  100  times  more  ethylene  than 
heaj  orjpot^o,  with  production  rates  ranging  from  141  to  518,ng  g-dry 
wt.  h . Wheat  produced  from  1.7  to  14.3  ng  g-dry  wt.~^  h"'  with  ^ 
senescent  wheat  producing  the  least  amount  and  flowering  wheat  the  most 

5°^rg-drrwt''-^'^h-’^^  Til  ethylene,  with  values  never  exceeding 

0 ng  g dry  wt.  h . Lettuce  and  potatoes  each  produced  ethylene  at 

sequesLring^of  33?^t  4*3V^h^  light  period.  Ethylene 

A ^ plexiglass  enclosures  indicated  that 

these  production  estimates  may  be  low  by  one-third  to  one-half.  These 
results  suggest  that  concern  for  ethylene  build-up  in  a contained 

w^Zt'or^otato!”  growing 
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3^^ INTRODUCTION 


Life  support  in  the  space  environment  places,  among  other  problems,  three 
related  demands  on  a contained  system;  breathable  air,  drinkable  water,  and 
palatable  food.  All  three  requirements  are  linked  to  the  life  cycle  of 
higher  plants,  which  thus  have  become  leading  candidates  to  play  major  roles 
in  a controlled  ecological  life  support  system,  or  CELSS  (1,2). 

Growing  plants  in  contained  systems  is  a relatively  young  science.  Among 
the  host  of  potential  problems  in  a tightly  closed  system  is  the  buildup  of 
toxic  compounds  in  the  contained  atmosphere.  These  compounds  may  come  from 
a variety  of  sources,  both  animate  and  inanimate.  Plants  produce  a wide 
array  of  organic  compounds,  and  many  if  not  all  of  these  can  eventually 
reach  either  the  liquid  or  gaseous  environment  surrounding  the  plant.  The 
primary  concern  of  this  project  is  the  emission  of  gaseous  compounds  from 
plants . 


3.  1 PLANT  GASEOLS  EMISSIONS.  Plants  have  been  found  to  release  measurable 
amounts  of  a variety  of  organic  compounds,  though  often  the  amounts  released 
are  very  small  unless  the  plant  is  under  some  stress  (3, A).  Cuttings  from 
red  pine  and  paper  bircli  seedlings  produced  acetaldehyde,  ethanol,  ethylene, 
and  ethane  after  exposure  to  sulfur  dioxide  (4).  Nance  and  Cunningham  (5) 
found  that  excised  wheat  roots  released  acetaldehyde  under  both  aerobic  and 
anaerobic  conditions,  and  Woodstock  and  Taylorson  (6)  noted  that  soybean 
seeds  released  ethanol  and  acetaldehyde  when  oxygen  levels  were  reduced. 
Plants  can  also  produce  and  release  to  the  atmosphere  an  array  of  terpenes 
(7-10).  Russian  scientists  found  that  excised  leaf  and  root  sections  from 
radish,  beets,  tomatoes,  potatoes,  and  carrots  produced  a variety  of  gases, 
including  acetaldehyde,  propionic  aldehyde,  acetone,  ethanol,  methanol,  and 

propanol  during  enclosure  for  24  h in  an  illuminated  100  ml  glass  container 
( I 1 ) • 


3.2  ETHYLENE  AND  PLANTS.  Ethylene  is  a prominent  gaseous  emission  of 
plants,  and  due  to  its  effects  on  plant  growth  and  development,  it's 
considered  a plant  hormone  (12,13).  As  a hormone  it's  unique  in  that  it  is 
a gas,  and  it  can  influence  the  same  cells  that  produce  it  (12).  Under 
normal  conditions,  gaseous  ethylene  is  quickly  dispersed  and  diluted  in  the 
atmosphere,  requiring  no  special  mechanism  on  the  part  of  the  plant  to 
dispose  of  it  after  it  has  served  its  growth  regulating  function.  However, 
in  a closed  system,  ethylene  concentrations  can  increase  and  induce  a 
variety  of  plant  responses.  Due  to  its  importance  as  a plant  growth 
substance,  its  ubiquitous  production  by  higher  plants,  and  the  ease  of 
measurement,  ethylene  emissions  were  the  focus  of  this  project. 

^•2-1  Effects  of  Ethylene  on  Plant  Growth  and  Development.  Practically 
every  aspect  of  plant  growth  and  development  can  be  influenced  by  ethylene 
(12).  The  effects  of  ethylene  may  vary  depending  on  the  species,  its 
developmental  stage,  and  the  ethylene  concentration.  Ethylene  can  promote 
seed  germination,  increase  sprouting,  inhibit  cell  elongation,  cause 
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horizontal  growth  and  swelling,  prevent  leaf  expansion,  reduce  root 
elongation,  stimulate  root  hair  formation  and  root  coiling,  and  increase  or 
decrease  flowering  (12).  Morison  and  Gifford  (14)  found  that  exposure  to 
ethylene  concentrations  as  low  as  60  ppb  for  36  days  decreased  leaf  area  and 
total  dry  weight  of  tomato  and  rice,  and  decreased  height  of  rice. 

One  intriguing  aspect  of  ethylene's  effects  on  plants  is  its  ability  to 
induce  subsequent  ethylene  production  (15).  Investigators  found  that  a 
pulse  of  exogenously  applied  ethylene  stimulated  an  increased  endogenous 
ethylene  production  that  influenced  subsequent  plant  growth  and  development 
in  orchids,  carnations  and  sweet  potato  (16-18). 


Ethylene  is  also  released  in  response  to  stress  imposed  on  a plant  (3). 
So-called  "stress  ethylene"  may  be  an  adaptive  plant  response  to  a change 
Its  environment,  as  the  ethylene  thus  produced  can  stimulate  accelerated 
senescence,  abscission,  wound  healing,  and  increased  disease  resistance 

V ' J / • 


in 


Ethylene  may  be  essential  for  normal  plant  development.  A tomato  mutant 
presumably  lacking  the  ability  to  produce  any  ethylene,  grows  abnormally 
unless  ethylene,  in  concentrations  as  low  as  5 ppb,  is  added  to  its 
environment  (19). 

Production  Rates.  Vegetative  tissues  can  produce  ethylene  at  rates 
from  0.05  to  1.25  ng  g-fresh_weight  h , while  fruits  may  produce  from 
0.01  to  19  ng  g-fresh  weight  h (12,20).  The  rate  of  ethylene  production 
varies  with  the  species  and  the  stage  of  plant  development  (12).  Although 
there  are  many  reports  of  ethylene  production  rates  for  different  plant 
tissues,  few  studies  have  examined  the  basal  ethylene  emission  rate  for 
intact  plants  (21).  Dhawan  et  al.  (22)  reported  that  several  different 
intactsunf lower  shoots  produced  from  6 to  60  ng  ethylene  g-drv 
weight  h . ^ 


3-2.3  Environmental  Influences  on  Production  Rates.  As  stated  earlier,  a 
variety  of  stresses  will  cause  enhanced  ethylene  release  by  plants,  and  the 
relationship  between  some  of  these  stresses  and  the  ethylene  response  is 
often  more  reliable  an  indicator  of  plant  stress  than  visible  symptoms  (3). 
But  environmental  factors  need  not  reach  stressful  extremes  before  they  can 
influence  the  production  of  ethylene  by  plants.  Increased  carbon  dioxide 
levels  caused  a corresponding  increase  in  ethylene  emissions  by  intact 
sunflower  shoots,  and  decreased  carbon  dioxide  levels  caused  decreased 
ethylene  levels  (22).  In  both  cases,  the  ethylene  response  was  apparent 
within  15  min  of  the  change  in  carbon  dioxide  concentrations.  Horton  (23) 
also  noted  that  ethylene  emission  rates  fell  when  carbon  dioxide  decreased. 

Related  to  the  carbon  dioxide  effect  is  the  generally  inhibitory  effect  of 
light  on  ethylene  release  (23).  Kapuya  and  Hall  (24),  however,  found 
different  relationships  between  light  and  ethylene  release  depending  on  the 
species  and  the  photoperiod.  Kalanchoe  daigremontana  released  more  ethylene 
towards  the  end  of  the  light  period,  Vicia  faba  ethylene  release  peaked  at 
the  onset  of  the  light  period,  and  ethylene  release  by  Caltha  polypetala 
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peaked  at  the  start  of  the  dark  period  and  again  shortly  after  onset  of  the 
li^^hc  period  (24). 

Although  depressed  oxygen  levels  in  air  will  stimulate  ethylene  production 
in  barley  and  maize,  the  relationship  between  oxygen  levels  and  ethylene 
release  is  often  confounded  with  the  physical  effects  of  submersion  (25). 
Ethylene  is  produced  in  all  parts  of  a plant,  thus  when  some  part  of  a plant 
is  submerged,  ethylene  will  not  be  able  to  diffuse  out  of  the  submerged 
tissue  as  fast  as  out  of  tissue  in  air.  The  build-up  of  ethylene 
concentrations  in  submerged  tissues  will  cause  subsequent  ethylene  responses 
in  those  and  other  tissues  (25). 

Low  temperatures  reduced  ethylene  release  by  excised  snap  bean  leaf  disks 
(26).  Ethylene  release  by  apple  and  bean  leaves  changed  by  30%  in  response 
to  5 C changes  in  air  temperature  from  20  C.  As  temperature  increased, 
ethylene  production  increased,  as  temperature  decreased,  ethylene  production 
decreased  (27). 

Clinostat  experiments,  where  plants  are  continuously  rotated  to  negate  the 
effects  of  Earth’s  gravitational  field,  caused  increased  ethylene  evolution 
and  subsequent  leaf  epinasty  (28,29). 


3.3  OBJECTIVES.  The  objectives  of  this  project  were  to  examine  the 
ethylene  emission  rates  for  wheat,  potato,  and  lettuce  at  early,  middle,  and 
late  growth  stages,  and  during  both  the  light  and  dark  periods  of  the 
diurnal  cycle. 


4.  MATERIALS  AND  METHODS 


4.1  GAS  MEASUREMENT.  Measurement  of  trace  gases  was  accomplished  with  gas 
chromatography  using  a Hewlett  Packard  5880A  Series  Gas  Chromatograph  with  a 
flame  ionization  detector  (FID).  A 25  cm  stainless  steel  column,  2 mm 
outside  diameter,  filled  with  80/100  mesh  alumina  was  used  for  ethylene 
determinations.  The  oven  was  held  at  30_^,  the  detector  at  125  C^ j The 
nitrogen  carrier  gas_^flowed  at  20  ml  min  , hydrogen  at  30  ml  min  , and 
oxygen  at  100  ml  min  . Ethylene  peaks  were  identified  and  quantified  by 
comparison  with  standard  gases  at  100. I and  8. I ppm  (Scott  Specialty  Gases, 
+2%),  and  dilutions  of  these  standards  to  0. 10,  0.08,  0.05,  and  0.04  ppm. 
Samples  were  taken  with  a 1 ml  gas-tight  syringe. 


4.2  PLANT  GROWTH.  Plants  were  grown  in  the  Plant  Laboratory  at  the  Life 
Science  Support  Facility,  Hangar  L,  Kennedy  Space  Center  (KSC),  in  a 
hydroponic  system  based  on  the  nutrient  film  technique  (NFT)  (30).  The 
system  consisted  of  pie-shaped,  5 cm  deep,  PVC  trays  with  a surface  area  of 
0. 175  m . A nutyient  solution  was  pumped  into  the  wide  end  of  a tray  at  the 
rate  of  1 L min  , flowed  along  the  bottom  reaching  a depth  of  0.5  to  1.0 
cm,  and  allowed  to  drain  out  at  the  narrow  end  of  the  tray. 
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consisted  of  a half-strength  Hoagland's  solution 
(Table  ))  maintained  at  pH  6.0  automatically  with  a pH  controller  (Cole 
Parmer  Model  5997-30)  dispensing  a }.25X  v/v  solution  of  HNO,.  The  30  L 
nutrient  solution  reservoir  was  changed  weekly.  ^ 

Trays  were  placed  on  a bench  or  in  an  Environmental  Growth  Chamber,  Model 
3,  in  the  Plant  Laboratory.  All  plants  were  grown  under  high  pressure 
sodium  lamps  with  a 14/10  h_day/night  cycle.  Photosynthetic  photon  flux 
deipsity  averaged  685  umol  m s in  the  growth  chamber,  and  230  umol  m”^ 
s on  the  bench.  Temperatures  were  maintained  at  23  C in  the  growth 
chamber  and  27  C on  the  bench.  Relative  humidity  averaged  61%  in  the  growth 
chamber  and  49%  on  the  bench.  ® 

Lettuce  and  potatoes  in  the  growth  chamber  were  kept  on  separate  nutrient 
delivery  systems,  two  trays  per  30  L reservoir.  The  two  trays  of  wheat  and 

two  trays  of  potato  on  the  bench  all  shared  a single  30  L reservoir  and 
nutrient  delivery  system. 

4.2.1  W^.  Spring  wheat  seeds,  cv.  Yecora  Rojo,  were  soaked  for  15  min 

in  deionized,  f iltered-sterilized  water  to  remove  the  fungicide.  The  seeds 
were  rinsed  three  times  with  the  sterilized  water,  then  wrapped  in  sterile 
paper  towels  and  placed  in  a sterile  plastic  bag.  The  bagged  seeds  were 
refrigerated  at  6 C for  4 days.  At  planting,  approximately  450  seeds  were 
placed  between  double  strips  of  polyethylene  film  suspended  at  the  surface 
of  the  nutrient  solution  in  each  of  two  PVC  trays.  During  germination  the 
tray  was  covered  with  a clear  plexiglass  hood.  Four  days  after  planting  the 
hood  was  removed  and  a grid  of  plastic-coated  wire  mesh  (6  cm  by  5 cm)  was 
p aced  20  cm  above  the  tray  to  provide  support  for  the  wheat  stalks  as  they 

elongated.  Two  trays  were  placed  on  the  bench  and  two  were  placed  in  the 
growth  chamber.  ^ 


Four  potato  plantlets,  cv.  Denali,  in  continuous  in  vitro 


4.2.2  Potato. 

— : — ‘ 9 All  i-unuiiiuuus  in  vicrc 

culture  in  15  cm  by  2 cm  test  tubes  on  a modified  MS  agar  medium  witOf 

sucrose  (31),  were  removed  35  days  after  in  vitro  propagation  and  suspended 
rL  ^ ° nutrient  solution  in  two  PVC  trays,  two  plantlets  per 

tray.  These  two  trays  were  placed  on  the  bench  in  the  Plant  Laboratory. 
Stainless  steel  rods  were  attached  to  the  each  tray  one  month  later  for 
support  of  the  top-heavy  shoots.  Two  trays,  each  started  with  three 
plantlets  each  of  two  cultivars,  Denali  and  Norton,  were  placed  in  the 
growth  chamber . 

4.2.3  Lettuce.  Lettuce  seeds,  cv.  Waldman's  Green,  were  placed  between 

ou  le  strips  of  polyethylene  film  suspended  at  the  surface  of  the  nutrient 
solution  in  two  PVC  trays  placed  in  the  growth  chamber. 


4.3  EXPERIMENTAL  DESIGN 


At  early,  middle 
around  the  trays 
either  the  light 


and  late  growth  stages,  plexiglass  covers  were  fitted 
to  provide  an  airtight  seal  for  a period  of  4 to  6 h during 
or  the  dark  period.  Only  flourescent  lights  were  on  during 
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the  light-period  enclosure.  All  nutrient:  flow  was  stopped  during  enclosure, 
and  a 1 cm  deep  pool  of  nutrient  solution  was  left  at  the  bottom  of  each 
tray.  At  intervals  during  enclosure,  1 ml  gas  samples  were  withdrawn 
through  a septum  port  for  ethylene  analysis. 

4.3.1  Wheat . Two  trays  of  four-day  old  wheat  seedlings  in  the  growth 
chamber  were  enclosed  (13.94  L volume)  from  0900  to  1300  (all  times  are 
EOT).  Gas  samples  were  withdrawn  2 and  4 h after  enclosure-  A partial 
harvest  was  conducted  after  the  4-day  test  to  calculate  dry  weight  biomass 
estimates.  Two  trays  of  43-day  old  wheat:  plants,  in  the  process  of 

flowering  and  located  on  the  bench  in  the  Plant  Laboratory,  were  enclosed 

(65.73  L volume)  from  0900  to  1500.  Gas  samples  were  withdrawn  4.5,  5,  and 
6 h after  enclosure.  A partial  harvest  was  conducted  after  the  43-day  test 
to  calculate  biomass  estimates.  The  same  two  trays  were  enclosed  (121.63  L 
volume)  at  76  days,  when  seed  set  was  complete,  from  0900  to  1500.  Gas 
samples  were  withdrawn  2,  4,  and  6 h after  enclosure.  All  shoots  and  roots 
were  harvested  after  this  test,  dried  at  70  C for  24  h,  and  weighed. 

trays  of  twenty-day  old  potatoes  in  the  growth  chamber, 
containing  three  plants  each  of  cultivars  Denali  and  Norland  on  each  tray, 
were  enclosed  (65.73  L volume)  from  0900  to  1500.  Gas  samples  were 
withdrawn  2,  4,  and  6 h after  enclosure.  Shoots  and  roots  were  harvested 

after  the  test,  dried  at  70  C for  48  h,  and  weighed.  Two  trays  on  the  bench 

in  the  Plant  Laboratory,  each  holding  two  65  day-old  'Denali'  potato  plants 
in  the  process  of  flowering,  were  enclosed  (12  1.63  L volume)  from  2200  to 
0400.  Gas  samples  were  withdrawn  6 h after  enclosure.  The  same  two  trays 
were  enclosed  (121.63  L volume)  at  67  days  from  0900  to  1500.  Gas  samples 
were  withdrawn  2,  4,  and  6 h after  enclosure.  After  the  67-day  test,  all 
shoots  and  roots  were  harvested,  dried  at  70  C for  48  h,  and  weighed.  The 
biomass  estimates  obtained  from  this  harvest  were  used  for  both  the  65  and 
67-day  potato  tests  to  calculate  ethylene  production  rates. 

4.3.3  Lettuce . Two  trays  in  the  growth  chamber  were  enclosed  (13.94  L 
volume)  from  0900  to  1500  at  9 and  15  days  after  seed  placement.  Gas 
samples  were  withdrawn  3 and  6 h after  enclosure.  The  same  two  trays  were 
enclosed  (13.94  L volume)  at  11  days  from  2200  to  0400.  Gas  samples  were 
withdrawn  6 h after  enclosure.  A partial  harvest  was  conducted  after  the 
9-day  test,  and  used  for  calculating  the  dry  weight  biomass  estimates  for 
the  9 and  11-day  tests.  All  shoots  and  roots  in  each  tray  were  harvested 
after  the  15-day  test,  dried  at  70  C for  24  h,  and  weighed. 

4.3.4  Blank  Tray  Tests.  Empty  PVC  trays  were  closed  with  the  plexiglass 
covers  and  monitored  for  ethylene  production  over  a 6-h  period  under 
flourescent  lights.  Sixty  ml  of  100. I ppm  ethylene  was  injected  into  empty 
PVC  trays  with  different  size  plexiglass  covers  attached  (total  volumes 
13.94  and  65.73  L)  in  order  to  determine  the  amount  of  ethylene  absorbed  by 
the  containers  during  a 6-h  period.  These  enclosures  were  also  under 
flourescent  lights.  One  ml  gas  samples  were  withdrawn  15  min,  30  min,  and  6 
h after  ethylene  injection.  Percent  of  ethylene  remaining  in  the  enclosure 
at  each  time  was  calculated. 
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5.  RESULTS  AND  DISCUSSION 


5.1  ETHYLENE  EMISSIONS. 


All  three  species  tested  produced  measurable  amounts  of  ethylene,  raneinfi 
fromjovey  350  ng  g-dry  wt . h in  seedling  lettuce  to  less  than  2 ng  g-dry 
wt.  h xn  senescing  spring  wheat  (Table  5).  Lettuce  produced  one  to  two 
orders  of  magnitude  more  ethylene  than  either  wheat  or  potato  (Table  5). 
Potato  produced  the  least  ethylene  of  the  three  species  tested,  with  the 
exception  of  senescing  wheat  (Table  5). 


5.1.1.  Wheat . Spring  wheat,  cv . Yecora  Rojo,  produced  more  ethylene  durine 
early  vegetative  growth  and  flowering  than  during  the  later  stages  of 
senescence  (Table  2).  Ethylene  production  was  greatest  during  the  flowering 
period,  averaging  14.3  ng  g-dry  wt . h in  43-day-old  plants.  By 

comp^ris(^n,  76-day-old,  senescing  plants  produced  only  1.7  ng  ethylene  g-dry 
wt  • n • 


White  potato.  Potato  produced  an  average  of  3 ng  g-dry  wt . ' h~ * 
over  the  entire  6-h  enclosure  period  (Table  5).  Although  cultivars  Denali 
and  Norland  both  contributed  to  the  production  estimate  for  20-day-old 
plants,  'Norland'  provided  most  of  the  biomass.  Thus  the  observation  that 
plant  age  did  not  make  a significant  difference  in  ethylene  production  by 
(Table^3)^*  confounded  by  the  cultivar  differences  at  the  two  ages  tested 


5.  1.3.  Uttuce.  Lettuce,  cv.  Waldman's  Green,  produced  more  ethylene  at  9 
days  old  than  at  15  days  olcj  (T^ble  4),  though  at  both  ages  lettuce  produced 
well  over  100  ng  g dry  wt.  h . The  greater  production  in  the  9-day-old 

plants  may  have  been  due  to  the  42%  of  seedlings  in  the  process  of  dying, 
which  plants  accounted  for  30%  of  the  total  dry  weight.  At  15  days  old,  the 

ants,  averaging  34  per  tray,  were  much  larger  and  accounted  for 
over  90%  of  the  total  dry  weight. 

Light  Versus  Dark  Emissions.  Although  lettuce  averaged  more 
ethylene  production  during  the  dark  period  than  during  the  light,  the  degree 
of  variability  associated  with  both  measurements  makes  it  impossible  to  draw 
conclusions  (Table  6).  Likewise,  although  potatoes  produced  slightly  less 
ethylene  during  the  dark  period  than  during  the  light,  the  difference  is  too 
small  to  draw  conclusions. 


5.3  PLEXIGLASS,  PVC,  AND  ETHYLENE. 

Joined  plexiglass  covers  and  PVC  trays  did  not  produce  measurable  amounts  of 
ethylene,  either  under  flourescent  or  high  pressure  sodium  lamps  during  6-h 
tests.  A 5 ppb  lower  limit  of  detection  for  ethylene  means  that  less  than 
ng  of  ethylene  was  produced  in  the  13.94  L container  and  less  than  4 12  ne 
was  produced  in  the  65.73  L container. 
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The  plexiglass/PVC  containers  did,  however,  sequester  significant  amounts  of 
ethylene  during  6-h  periods  under  moderate  flourescent  lighting  (Table  7). 
Although  84%  of  the  injected  ethylene  remained  in  the  contained  13  L 
atmosphere  15  min  after  injection,  6 h after  injection  only  67%  was 
recoverable  in  the  gas  phase  (Table  7).  However,  in  the  65  L enclosure, 
ethylene  disappearance  after  6 h was  not  significantly  greater  than  after 
just  15  min  (Table  7).  Percent  recovery  of  injected  ethylene  was  less  in 
the  65  L enclosure  than  in  the  13  L enclosure  (Table  7). 


As  a result  of  the  significant  ethylene  sequestering  by  the  plexiglass/PVC 
enclosures,  the  ethylene  emission  rates  reported  here  are  probably  low.  As 
much^as  37%  of  the  ethylene  produced  by  test  plants  in  the  13  L enclosures, 
43%  of  that  produced  in  the  65  L enclosures,  may  have  been 
adsorbed,  or  otherwise  removed  from  the  gas  phase  prior  to 
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lY  AND  CONCLUSIONS 


culture  of  lettuce  in  a closed  atmosphere  may  produce  significant 
ethylene,  greater  than  that  produced  by  either  spring  wheat  or 
to.  White  potato,  during  vegetative  or  reproductive  growth, 

Iess  ethylene  than  either  seedling  lettuce  or  seedling  or  flowering 
nescing  wheat  produced  the  smallest  amount  of  ethylene  measured. 
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TABLE  !.  The  concentration  of 

elements  in  the  nutrient 
solut ion. 


ELEMENT  CONCENTRATION 


mill imoles 

N 

7.00 

P 

.50 

K 

3.00 

Ca 

2.50 

Mg 

1 .00 

S 

1 .00 

micromoles 

Fe 

50.00 

Mn 

3.70 

Zn 

.32 

Cu 

. 13 

Mo 

.04 

B 

19.00 
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TABLE  2.  The  rate  of  ethylene  emissions  from  spring  wheat,  cv.  Yecora  Rojo,  at 
different  ages  grown  hydroponical ly  using  the  nutrient  film  technique. 
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TABLE  3.  The  rate  of  ethylene  emissions  from  white  potato,  cvs.  Denali  and 
Norland,  at  different  ages  grown  hydroponical ly  using  the  nutrient 
film  technique. 
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TABLE  4.  The  rate  of  ethylene  emissions  from  lettuce,  cv  Waldman's  Green,  at 

different  ages  grown  hydroponical ly  using  the  nutrient  film  technique. 
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TABLE  6.  Comparison  of  light-period  and  dark-period  ethylene  emissions  from 
lettuce  and  white  potato  grown  hydroponical ly  using  the  nutrient  f 
technique  * 
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ABSTRACT 


•ASA  IS  curienlly  investigating  the  use  ot  robotic  nianipulators 
mating  and  demating  of  umbilical  fuel  lines  to  the  Space  Shuttl 
prior  to  launch.  Force  feedback  control  is  necessary  for  this 
oidei  to  n.ini...i?e  the  contact  forces  which  will  develop  during  riiat 
o jective  of  this  project  is  to  develop  and  demonstrate  a working 
force  control  system  at  Kennedy  Space  Center. 


for  the 
e Vehicle 
task  in 
i Mg . The 
robotic 


Initial  experimental  force  control  tests  with  an  ASEA  IRB-90  industral 
[rn?  system's  Adaptive  Control  capabilities  indicated  that  con- 

s a ility  would  be  a primary  problem.  An  investigation  of  the  ASEA 

ua  ? r This  computational 

delay  ua:=  idenlitifd  as  the  primary  cause  of  the  instabilitv  Tests  on  a 

sor^?  into  the  ASEA's  control  computer  using  the  MicroVax  II  supervi- 

staM  indicate  that  the  time  delay  would  be  comparable,  offering  no 

hardw!  ^ iHiP rover, eiu.  All  existing  inputs  to  the  ASEA  control  computer 
hardware  were  found  to  have  too  long  of  a delav  for  force  control  stabili- 


An  alternative  appmach  was  developed  where  the  digital  control  svstem  of 

wa^  disconnected  and  and  an  analog  electronic  force  controller 

the  robot°to°usrf  system  directly.  This  method  allowed 

the  robot  to  use  force  feedback  control  while  in  rigid  contact  with  moving 

force  target.  Tests  on  this  approach  indicated  adequate 

rnmhi  contiol  even  under  worst  case  conditions.  A strategy  to 

combine  the  analog  force  control  system  along  with  the  existing 
lo.itallv-conti oiled  vision  system  was  developed.  This  requires  switching 
rn  digital  controller  when  using  vision  control  and  the  analog 

PlaEerir,':  i!j'conUc?/‘’"“  ™ the  matins 
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3 


20 


1 .U  IMKODiniON 


OKiGINAL  PA.GE  IS 
OF  POOR  quality 


The  Robot  Application  and  Development  Laboratory  (RADL>  at  Kennedy  Space 
Ceiilei  hab<  bei-n  established  to  investigate  robotic  solutions  to  launch 
vehicle  processing  problen.s.  The  intent  of  the  laboratory  is  to  provide  a 
testbed  where  robotic  components  can  be  used  to  develop  workable  engineer- 
ing solutions  for  hazardous  and  repetitive  shuttle  and  payload  processing 
activities • 

One  such  task  is  the  mating  and  demating  of  umbilical  fuel  lines  for  the 
r.aiu  tank  of  the  Space  Shuttle  Vehicle  (SSV).  Presently,  the  umbilicals 
must  remain  attached  to  the  SSV  until  slightly  after  launch,  so  that  in 
case  of  a launch  abort,  the  fuel  can  be  rapidly  removed  to  make  the  launch 
vehicle  safe.  Explosive  bolts  and  a mechanical  tear-off  feature  are  used 
to  disconnect  the  lines  immediately  after  launch,  offering  the  possibility 
of  damage  to  the  shuttle  during  launch.  The  present  manual  methods  of 
reconnecting  the  fuel  lines  after  a launch  abort  require  over  fifteen 
hours,  and  include  numerous  safety  problems  to  both  the  technicians  and 
astronauts.  The  ability  to  use  a robot  to  disconnect  the  umbilicals  prior 
to  launch  and  then  reconnect  them  rapidly  in  case  of  an  abort  would  offer  a 
rraio)'  ir.prover.:ent  in  lanncli  safety. 

The  umbilical  mating  problem  places  extensive  demands  on  the  sensory  capa- 
bilities of  the  robotic  system.  First,  the  SSV  is  a dynamic  structure, 
continually  moving  in  a random  fashion.  Second,  the  mating  problem 
icquires  high  relative  positioning  accuracy  between  the  unibilical  connec- 
tors. Finally,  the  forces  encountered  during  contact  must  remain  low  to 
avoid  darr.aging  either  the  umbilicals  or  the  SSV, 

Three  distinct  phases  must  occur  for  umbilical  mating  using  a robot.  The 
first  phase  involves  the  use  of  vision  tracking  to  allow  the  robot  to 
approach  and  track  the  umbilical  target.  The  second  phase  requires  an 
actual  mating  process  to  occur.  This  will  require  a combination  of  mechan- 
ical guidance,  compliance,  and  active  force  feedback  control  and  is  the 
least  understood  task  of  the  problem.  The  third  phase  happens  after  a 
solid  mating  has  occured.  In  this  case,  the  random  motions  of  the  SSV  must 
be  duplicated  by  the  robot  using  a force  feedback  approach  to  avoid  large 
contact  forces.  Practically,  the  SSV  must  be  able  to  lead  the  robot  around 
such  that  the  contact  forces  remain  below  a maximum  tolerable  value, 

A major  goal  of  the  RADL  is  to  provide  a feasibility  demonstration  of  this 
capabjUtv  by  using  both  force  and  vision  information  to  dock  and  mate  a 
simulated  umbilical  plate  with  a moving  target.  To  do  this,  force  feedback 
control  will  be  required  on  the  existing  ASEA  IRB-90  robot. 

Previous  work  on  force  feedback  with  the  ASEA  robot  indicates  a very  high 
tendency  for  instability  under  operating  conditions  required  by  the  umbili- 
cdi  mating  problem.  The  goal  of  this  work  is  to  identify  the  instability 
probler  and  develop  a stable  and  effective  force  control  system. 
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J.O  FOKlK  FEEDBACl.  CONTROL 
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2.1  DAMPING  CONTROL 


The  theoretical  dificulties  of  arbitrarily  controlling  a combined  vector  of 
force  and  position  have  been  dealt  with  by  several  authors,  as  summarized 
in  reference  [1].  However,  the  practical  implementation  of  these 
approaches  requires  the  implementation  of  extensive  algorithms  based  on  an 
accurate  mathematical  model  of  the  robot. 

One  sir.ple  vet  quite  effective  approach  to  force  control  is  that  of  damping 
control,  also  known  as  trajectory  perturbation  and  accomodation  control. 
With  this  approach,  the  velocity  of  the  robot  is  proportional  to  and  in  the 
direction  opposite  of  the  applied  force,  acting  like  a pure  damping  ele- 
-iient . In  effect  , the  inbot  moves  so  as  to  relieve  the  foices  generated 
during  contact.  The  proportional  constant  between  velocity  and  force  is 
defined  by  the  force  feedback  gain  Kf. 


2.2  DESIGN  REQUIREMENTS 


Force  control  is  required  to  both  guide  the  umbilical  lines  in  the  cham- 
fered socket  during  n it  mg  as  well  as  allow  the  robot  to  track  the  dynamic 
iriotion  of  the  SSV  aftei  mating.  Contact  forces  under  both  conditions  must 
not  exceed  the  forces  currently  encountered  during  manual  mating.  For  this 
studv.  this  value  is  assumed  to  be  60  pounds.  A worst  case  estimate  of  the 
dynariiic  motion  of  the  SSV  [2]  is  a sinusoidal  motion  with  a maximum  ampli- 
tude of  6 inches  and  a frequency  of  0.2  Hz.,  leading  to  a maximum  speed  of 
U inches  pei  second,  based  on  these  requirements,  the  minimum  value  for 
the  force  feedback  gain  for  tracking  is  0.18  in. /sec. /lb. 

An  inherent  condition  for  any  control  system  is  stability.  An  upper  limit 
for  the  force  feedback  gain  is  selected  to  be  one  half  of  the  gain  for  mar- 
ginal stability,  providing  a gain  margin  of  2.0.  The  control  design 
problem  is  thus  reduced  to  selecting  a gain  greater  than  0.18  and  less  than 
half  the  marginal  stability  gain. 


2.3  STABILITY 


It  has  long  been  known  that  communication  and  computational  delays  in  con- 
trol sy.stems  have  an  adverse  effect  on  the  system  stability.  This  is 
especially  true  in  the  case  of  force  feedback.  For  example,  consider  a pin 
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usiiir  foitt  feedback  control  inside  a 1 degree-of-f reedom  hole.  Without  a 
delay  in  the  force  feedback  signal,  contact  with  one  side  of  the  w.-ll 
results  in  a command  :,.ution  to  move  away  from  the  wall,  with  the  comirianded 
speed  going  to  zero  when  the  pin  is  centered.  This  behavior  is  demonstrat- 
t ii:  liguji  la.  With  a significant  dolav,  the  velocit\  co:„;..dn.i  alwav,--. 
lags  the  force,  resulting  in  an  cases  where  the  commanded  velocity  is  in  a 
direction  which  increases  the  contact  force,  as  shown  in  Figure  lb.  This 
can  result  in  instability. 

A very  simple  model  is  used  to  predict  marginal  stability 
oider-of-magnitude  estimates  for  both  force  feedback  gain  and  time  delay. 
The  model  assures  ideal  dynamics  of  the  robot  and  no  force  interaction  with 
the  servo  system.  Using  a time  lag  of  0.280  seconds  as  found  in  the  ASEA 
controller,  the  maximum  gain  for  stability  is  found  as  0.015  in. /sec. /lb. 
This  results  in  a ir.aximur  force  feedback  gain  of  .0075  with  a gain  margin 
of  2.0.  This  result  is  24  times  too  low  for  proper  force  tracking. 
Requiring  a value  of  0.18  for  the  force  feedback  gain  Kf  results  in  a maxi— 
r.ur.  time  delay  of  0.044  seconds  for  stabilty.  Note  that  both  estimates  do 
not  take  into  account  the  robot's  dynamics,  and  are  upper  limits  on  pi  act i- 
cal  values. 


2.4  SINGLE  AXIS  VS.  .MILTIFLE  AXIS  CO.NTROL 


The  velocity  i espouse  of  the  robot  to  an  applied  force  should  be  directly 
opposite  to  the  direction  of  the  force.  In  general,  this  requires  actively 
controlling  all  six  axes.  The  ideal  force-vel ocit v relationship  for  damp- 
ing control  theretore  requires  coupled  response  between  the  motor  axes  and 
the  applied  force.  This  multiple-input  multiple-output  (MIMO)  relationship 
between  the  force  vector  and  the  axis  velocity  command  is  described  by  the 
kinemat ics : 


-1 

V = K - J (G)  F 

where : 

V IS  the  desired  velocity  vector 

K is  the  damping  control  gain  matrix 
J is  the  Jacobian  matrix 
G IS  the  angular  position  of  the  links 
F is  the  measured  force  and  torque  vector 

A simplifying  approach  is  to  control  individual  axes  which  are  relatively 
coupled  to  the  TCP  axes  of  the  force/torque  sensor.  This  can  be  represent- 
ed as : 

V = K ' K1  F 

where : 

V is  the  desired  velocity  vector  ORIGINAL  ^AGE  IS 

OF  POOR  QUALITY 
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CfRICiyAT,  ?\GE  IS 
OF  PuoK  •;.i;a>-:ty 


K is  the  damping  control  gain  matrix 

K1  IS  a fixed  coorduiato  transform  in  the  force/torque  sensm 
K K1  IS  diagonal  matrix 
F is  the  measured  force  and  torque  vector 


This  approach  allows  each  axis  to  be  treated  as  an  individual  single-input 
single-output  (SISO*  systems  over  a small  range. 


This  SI SO  approach  will  be  used  in 
requirements  for  implementation  of 
cussed  in  the  suTninary. 


this  study  due  to  siitiplicity . The 
the  superior  MIMO  approach  will  be  dis- 


'i.5  CUMfLlANCL 


An  inherent  requirement  for  the  damping  control  approach  is  ^ 

Wiance  Mastic  MV  either  in  the  robot  itself  oi  througn  the  addition 

of  an  external  compliant  element  between  the  applied  force  and 
?oi  a stiff  robot  in  contact  with  a rigid  objects,  the  amount  of  motion  of 
the  rcbo  need  onlv  >,.■  a fee  thousandths  of  an  inch  to  cause  a wide  change 
in  the  force  level.  The  addition  of  passive  compliance  can  S’^eatly 
increase  the  positional  change  for  the  same  force  level.  In  Im- 

passive compliance  decreases  the  force  sensitivity  to  positional  chang  . 
Therefore,  the  force  control  algorithm  must  be  able  to  operate  under  a 
range  ot  possible  con\pliance  values ♦ 

An  experimental  test  was  performed  to  determine  the  ASEA  robots  compliance. 

used  to  apply  force  the  rchot  about  the  base  rotatroo  axrs 
While  under  positional  control  of  the  robot's  servo  system.  Force  was 
-ei'^ijipd  lining  the  JR3  six  axis  force/torque  transducei  while  pos  ^ 

measured  bv  a machinist's  dial  ^"^icator.  The  elastic  coeffi^  .the 

robot  in  this  position  was  found  to  be  407  +/  13  Lbs. 

backlash.  This  value  is  position  dependent,  but  it  provides  an  appioxima 
baseline  value  for  typical  values. 


3.0  IMPLEMENTATION  OF  FORCE  CONTROL 


3.1  ASEA  CONTROLLER  OVERVIEW 


The  implementation  of  force  feedback  control  depends  completely  on  the 
«pa"?  n'l  bunt  ru.u  the  ASEA  control  con,poto..  Tbe  cont.o  Icr  rs  ver 
S!  designed  for  industrial  purposes,  but  can  only  use  as  designed  b 
ASEA.  Internal  modifications  in  the  controller  software  are  impiactica 
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docun,entataon  due 


to 


the  coiiuol  comp*u«ranrJL°Lirconfrol‘er''™^^  referred  to  as 

surrounding  an  analog  electronics  velorit^  portional  position  control  loop 

positional  error  de^e™xLd  Jy  the  digU  J?”*’ 

verted  to  a digrtal  signal  and  LeS  as  ! r f^rl"":e^°r,;'’'  ““ 

that  axis.  reierence  velocity  command  for 

input,  refe"ed*'?rarAdaJuvrcontrorand"su7°'"“'^”*  sensory 

View  Of  the  possiMe  methods  for  force°Jorrorn‘:tariS°?'g°J; 

sufficient  gain  tor**force°tracki!lg  Isloo  .“'“'’iji**'  i*  encountered,  4 
ston  rs  that  the  tine  delaj-  encountered  " The  conclu- 

Adaptive  Control  inputs  to  the  ASEA  udl"*  TirroVAX  ll  or 

using  values  which  would  neet  the  forc“  ”“g”n°g‘  c‘“a“^il‘S':  iTlLZli:] 


3.2  ADAPTIVE  CONTROL  OPTION 


Spl“e“tr°\°‘  Xu  daTpingdJr,  ?dcTfeedh'°"p 

option,  known  as  the  Adaptive  Control  nnt  control  algorithm.  This 

robot's  trajectory  i„  real-time  Z to  evt^^  ® 

the  more  traditional  designation  reLrrinffn  n rather  than 

compensation  systems.  This  input  allow<t  rfiv  adaptive  controller 

the  force/torque  sensor  sensor  into  analoe  force  feedback  control  from 

controller.  This  port  was  previous l^^ncf  Port  of  the  robot 

the  1987  Summer  Faculty  proLam  instrumented  by  the  author  [3]  during 

lead-around  demonstration  ® currently  being  used  in  a 3 D.o!?! 

f ^ - ^»Ple-nt  force  feedback 
D.O.F.  of  MIMO  force  control  in  a adaptive  control  feature  allows  3 

keeping  the  orientation  of  the  rob^  t^^ini  coordinate  system, 

for  umbilical  mating.  However  a 000^^?^  ^ device  constant,  as  desired 

haniug  Cl  coh„f,"^d.VL”'„r::pf-:  rrc^„LcrA^°f^Ai"T- 

without  thes^^noMnn^^nt^^nin  n^a  SiST 

works  well  m lead-around  demonstrations  but  h Again,  this  approach 

be  unstable  at  control  gain  values  within 

straints.  ^^ithin  those  required  by  the  design  con- 
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Figure  2.  Possible  Paths  for  RADL  Force 
Feedback  Control 


e indicated  a delay  averaging  at  28S  milliseconds. 

re,uared  by  ,be  deail  i Lui  a "L!" 

..««  betwea,,  the  lo,cy  ...eaau.e„,a„.  a„d  ae'Jv'o  c'or„“:^ 

thfe.vu.“t"Sf^“hl^dela^?“^^l^d?L  “f 

to  this  delay  probleni  Further  A<iFA^  theie  is  no  immediate  solution 

.0  .Ha  d„„.y:,?ey  T.ZIZZ: 


3.3  SUPERVISORY  CONTROL 


The  prlmarv  path  into  the  ASEA  controller  is  thrnneh  the  c 
trol  method.  This  anoioirh  f Supervisory  Con- 

trajectory  of  the  robot  and  pass  thP  external  computer  to  determine  the 
controller  in  an  open  loop  fashion  P°s^tions  directly  to  the  ASEA 

suaessfully  with  Z l d°s?ee!oJi?r;edor(D“o‘’rf ” dsed 

Ir.  this  instance.  positioLTprrnL  ! a ? control  system. 

tem,  which  passes  these  errors  on  to  rMicroVAx”rT  ^ complex  vision  sys- 
turn  passes  the  desired  ahsnn.^!  II  computer.  This  computer 

troller  through  a comn,unication  protoco!\;o!^°L'^Sur°' 

i?rc:^^:°rL?:Lui:n:^:r:c::rL^rsi°^ 

and  vision  control  can  be  easily  integrated^  Final 
for  the  implementation  of  a MIMO  force  feedbaL  coi^rol 

overhead  of  ”he'’’^ur'comliJatioll%ackaenion6'^^^  Protocol 

speed  of  both  the  MicroVAX  II  and  the  ASFa  rnntf  i ^ ^ computational 

-.av  Of  thrs  approach  creafL'I.X 

TsZllZTsZolZZ''^  ■’«- 

test,  a Vision  target  sfe  LI  "'‘= 

along  with  the  command  to  the  analL*^c  itional  change  which  was  recorded 

Figure  5.  Notice  that  here  Ijpearf  ?o 

mere  appears  to  be  approximately  a 350  millisecond 
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VOLTS 


Fioure  3.  Force  Feedback  Control  Stability  Usinr  ASEA  Adaptive 
Control  Force  Feedback.  (Kf  = O.Olfa  in/sec/lb) 


Figure  4.  Force  Feedback  Control  Stability  Using  ASEA  Adaptive 
Control  Force  Feedback  (Kf  = 0.020  in/sec/lb) 
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Figure  5. 


MicroVax 

Usl  ng 


Vi- 


ASEA  Controller  Time  Delay 
1ST  on  System  ^ 


delay  between  initiation 
control  signal. 


of  the  movement  and  the  initiation  of  the 


servo 


The  following  table  lists 
control  process,  along 
encountered  by  using  force 


estimates 
with  an 
feedback 


of  the  computation  time  for  the  visin 

Of  the  lag  Which  would  b 
theough  the  MicroVAX  II. 


ti. II  MATED  TIME  DELAY 


COMPONENTS  OF  VISION  SYSTEM 


time  task 

^ msec ) 
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10 


350 


Camera  refresh  rate 
System  1000  processing 

^y^tem  1000  to  MicrnVAY  tt  

MlcroVAX  „ 

Total  Delay  Time 


Result:  MicroVAX  II  and  ASEA  controller  delav:  274  nsec, 


Notice  that  the 
the  Adaptive 


compute)  tir::e 

Control  inputs. 


encountered  usin? 
Since  force  control  through  the  MIcroVAX  n 
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link  can  be  no  iasLei  than  the  present  vision  control  algorithm,  the  con- 
clusion is  that  force  control  implementation  using  the  MicroVAX  II  will  not 
allow  for  stable  force  feedback  control  at  gains  which  will  allow  adequate 
tracking. 


3.4  ADVANCED  ALGORITHM  DEVELOPMENT 


There  has  been  onsiderable  theoretical  development  in  control  theory, 
including  methods  to  handle  stability  problems  associated  with  time  delays 
[4].  The  most  commonly  used  approach  is  that  of  the  Smith  predictor,  where 
a detailed  model  of  the  robot's  dynamics  without  delay  is  used  to  predict 
the  dynar.iic  response  and  cancel  the  delayed  value.  Notice  that  this 
approach  takes  delay  only  out  of  stability  argument,  not  out  of  system,  and 
requires  an  accurate  mathematical  model  of  the  dynamic  behavior  of  the 
robot.  Attempts  were  made  to  develop  such  a model.  However,  the 
signal-to-noise  ratio  of  the  measured  variables  was  too  low  for  simple  non- 
stochastic modeling.  There  were  also  modeling  problems  associated  with  the 
nonlinearities  of  the  system,  including  positional  controller  gain,  back- 
lash behavior  duzing  contact  as  well  as  position-dependent  elasticity 
variations. 

Under  such  conditions,  the  identification  required  for  an  accurate  model  of 
the  robot  under  contact  conditions  would  require  a considerable  amount  of 
engineering  effort.  With  a simple  model,  the  question  of  the  algorithms 
robustness  to  modeling  inaccuracies  is  in  question.  Esoteric  approaches 
such  as  a parameter-adaptive  Smith  predictive  control  algorithms  make  for 
interesting  research,  but  would  prove  very  difficult  to  implement. 


4.0  ANALOG  CONTROLLER  APPROACH 


4.1  ALTERNATIVE  APPROACH:  AN  ANALOG  FORCE  CONTROLLER 


The  ASEA  robot's  digital  control  computer  has  an  unavoidable  0.280  second 
delay  and  cannot  be  used  for  high  gain  force  feedback  control.  One  possi- 
ble approach  to  get  force  feedback  control  working  is  to  bypass  the  digital 
controller  entirely.  This  approach,  referred  to  here  as  the  "Analog  Force 
Control  (AFC)  " approach,  proposes  an  electronic  hardware  modification  to 
the  axis  control  of  the  robot.  The  approach  takes  advantage  of  digital 
position  control /analog  velocity  control  structure  used  by  the  ASEA  con- 
troller. The  digital  position  controller  is  physically  disconnected  and 
replaced  by  an  analog  velocity  controller.  Since  this  method  uses  analog 
electronics,  the  controller  delay  is  completely  eliminated. 
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Analog  \ollagec.  fror..  the  force/torque  transducer  are  conditioned  lu 
log  electronic  circuit,  which  would  then  inject  a voltage  into  the 
junction  of  the  velocity  control  feedback  loop  for  each  of  th^ 
motoi  through  an  external  tachometer  input  line. 


an  ana- 
suirming 
robot 's 


By  directly  commanding  the  velocity 
force,  a single  degree-of-f reedom 
about  each  axis. 


of  each  motor  to  be  proportional  to  the 
damping  control  algorithm  is  implemented 


4.2  IMPLEMENTATION 


win  Je^niiL  that  a command,  the  digital  position  controller 

1 determine  that  a positional  error  exists  and  therefore  it  will  attemot 

^esulT""  r The  combination  of  two  controllers  fo^  axis 

rh  ♦ Violent  oscillations.  The  obvious  solution  is  to  simply  remove 
e pos  ion  control  input  from  the  motor. The  AFC  therefore  operate-;  the 
robot  without  any  position  control  from  the  ASEA.  operates  the 


There  are  other  practical  problems  which  were  overcome 
ination  of  the  motor  brakes.  This  was  done  by  running 
command  program  on  the  ASEA  robot.  Another  problem 
noise  on  the  analog  control  electronics  of  the  ASEA 
high  frequency  switching  of  the  pulse-width  modulated’ 
driving  the  motors.  This  problem 
addressed  due  to  the  short  time  allowed  for  testing. 


, including  the  elim- 
a zero  velocity  move 
included  the  strong 
due  primarily  to  the 
(PWM)  power  amplif- 
was  not  able  to  be 


4.3  POSITIO.NAL  RESPONSE  TESTS 


The  initial  test  procedure  for  the  AFC  approach  followed  that  used  last 
^obnt^"  determining  the  characteristics  of  the  adaptive  control  of  xL  ASEA 

elch  axis  iL  "-easured.  Tha  voltage-velocity  relationship  for 


TABLE  1 

VELOCITY  VS.  VOLTAGE  FOR  DIRECT  MOTOR  CONTROL 


AXIS 

1 : 

147 

in. /sec. /volt 

AXIS 

2: 

41 

in. /sec . /volt 

AXIS 

3: 

65 

in. /sec. /volt 
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The  base  rotation  axis  was  initially  used  for  force  control  testing.  A 
sir.ple  attenuation  circuit  was  built  to  attenuate  output  voltages  fron,  the 
JRJ  foice/torque  sensor  before  being  connected  to  the  ASEA  axis  control 
board.  An  initial  gam  of  0.02  volts/volt  was  used.  For  base  rotation, 
the  relationship  between  the  amplifier  gain  Ka  and  the  force  feedback  gain 


Kf  = 6.0  * Ka 


Initial  lead  around  tests  proved  that  the  robot  did  respond  in  a damping 
control  mode.  In  fact,  the  robot's  motion  was  considerably  smoother  with 
this  approach  than  with  the  similar  Adaptive  Control  lead  around  demonstra- 
tion. 

Initial  impact  tests  were  performed  where  the  robot  was  given  a constant 
bias  voltage  simulating  a specific  force  set  point.  The  robot  ran  at  a 
constant  velocity  until  impacting  a rigid  table,  where  it  would  attempt  to 
apply  a constant  force  command.  When  this  test  was  previously  performed 
with  the  Adaptive  Control  feature  of  the  ASEA,  the  robot  would  make  con- 
tact, jump  away  from  contact  several  inches,  again  approach  at  constant 
velocity,  and  repeat  the  cycle.  The  jump  away  from  contact  behavior,  indi- 
cative of  instability,  was  observed  only  for  very  high  force  control  gams 
with  the  AFC  approach. 


Using  the  gain  values  observed  from  this  test,  a 1 D.O.F.  stability  test 
was  performed  using  a pin  attached  to  the  robot  with  break-awav  bolts.  An 
experimental  determination  of  the  marginal  stability  gain  was  performed 
experimentally.  Marginal  stability  occured  with  the  electronic  gain 
at  0.035  or  equivalently  a force  feedback  control  gain  of  0.21  in./sec. /lb. 
Notice  that  this  value  falls  within  the  previously  defined  design  specifi- 
cations . 


4.5  1 D.O.F.  FORCE  TRACKING  TESTS 


Force  tracking  tests  were  performed  by  using  a single  axis  of  an  external 
three  axis  simulator  table,  designed  to  simulate  the  motion  of  the  SSV  on 
the  pad.  Typical  test  results  are  shown  in  Figure  6.  Notice  that  the 
force  appears  90  degrees  out  of  phase  with  the  position,  or  equivalently  in 
phase  with  the  velocity,  as  expected  with  the  damping  control  approach.  In 
this  example,  the  force  control  gain  Kf  was  set  at  0.12  in. /sec. /lb. , which 
corresponds  well  with  the  maximum  observed  velocity/force  ratio  of  0.11 
in. /sec. /lb.  Tracking  tests  were  performed  with  speeds  of  up  to  10.5 
in. /sec.  with  maximum  force  levels  not  exceeding  70  Lbs.,  indicating 
experimentally  that  the  AFC  approach  can  jointly  meet  both  the  tracking  and 
stability  requirements  for  force  feedback  control. 
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POSITION 


maximum  velocity  - 7.01  IN/SEC 


Figure  6.  1 D.O.F.  Force  Tracking  Test 

(Kf  = 0.089  in/sec/lb) 


‘“>"6  a„  axis  is  large  enough  so 
SfanlJe  ^He  ! «cepticle  Lco»"riarg" 

Isv  -er  the  maximum  range  of 'travel  e^tel^ 

wui  ^r^itar;:  ts:  r;rpJo"ie“":/^^‘  - 


A. 6 3 D.O.F.  FORCE  TRACKING  TESTS 


With  the  success  of  the  1 D.O.F.  controller,  the  testing  of  a 1 n n r 

ca:e!\he":Uoror;i^Lrrota?Ln":r:^^  ’ V'* 

Jhe'^irfrL'Jh  the  direct  (SiS)  lonllol  of 

found.  sensor.  In  effect,  a MIMO  solution  must  be 


approxrnatel,  tSfi  “rra^Is^^L^Sr 
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450  V SENSOR  GAIN 


K,  COS  450 


Figure  7.  Force  vs.  Motor  Axis  Transform 


tiiiusfui::  sliouii  can  appi  oxii.iately  relate  desired  rectangulai  niotioii 
with  the  necessary  joint  motion  for  small  deviations  about  this  point. 

The  electronic  controller  shown  in  Figure  8 was  built  to  allow  SISO  control 
of  Axis  1 as  well  as  MIMO  control  of  Axes  2 and  3.  Offset  adjustments  were 
included  for  each  motor,  as  was  a set  point  bias  on  the  Z axis  to  allow  for 
a constant  force  set  point  in  that  direction. 

Again  the  system  was  tested  in  the  lead  around  mode.  The  decoupling  of  the 
Y and  Z motion  was  not  exact,  but  was  within  5 degrees  and  was  considered 
sufficient  for  tracking  testing  with  the  three  axis  simulator.  For  these 
tests,  a rigid  pm  with  break-away  screws  was  used.  The  robot  was  initial- 
ly guided  into  the  recepticle,  the  force  controller  was  started,  and  then 
table  motion  was  begun.  The  robot  was  able  to  follow  the  table  in  all 
three  axes,  as  shown  in  Figure  9 and  on  the  videotape  of  the  experiment. 
Due  to  a lack  of  time,  only  a cursory  tuning  of  the  second  and  third  axis 
controller  gains  was  performed.  Therefore,  tracking  velocities  for  this 
test  were  lower  than  worst  case  conditions.  Force  levels  remained  fairly 
constant,  reaching  a maximum  of  50  lbs.  in  the  Y axis.  This  force  is 
perhaps  due  to  an  axis  bias  problem. 


4.7  SUMMARY 


In  summary,  a simple  3 D.O.I'.  Analog  Force  Controller  was  built  for  3 axis 
force  feedback  tracking  of  a moving  target.  The  force  control  was  suffi- 
cient in  one  axis  to  reach  speeds  of  up  to  10.5  in. /sec.  while  keeping  the 
forces  below  70  lbs.  The  ability  to  track  in  3 D.O.F.  was  demonstrated. 
Due  to  a lack  of  time,  only  a simple  demonstration  could  be  developed 
However,  all  evidence  indicates  that  with  some  refinement,  this  approach 
should  be  able  to  meet  the  design  conditions  for  3 D.O.F.  force  feedback 
control  of  the  robot. 


5.0  FUTURE  DEVELOPMENT  OF  FORCE  CONTROL  FOR  UMBILICAL  MATING 


5.1  EXTENSION  TO  6 D.O.F. 


The  extension  of  this  analog  control  approach  to  the  orientation  axes  will 
require  considerably  more  effort  than  the  the  simple  analog  force  controll- 
er presented.  The  primary  difficulty  will  be  handling  the  coordinate 
transfonn  between  the  force-torque  sensor  and  the  axes  of  the  robot.  This 
will  require  position  information  to  be  extracted  from  the  ASEA.  Further, 
the  complexity  of  the  MIMO  interaction  will  be  more  difficult,  resulting  in 
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Figure  9.  3 D.C.F.  Force  Tracking  Test 


extensive  interaction  between  the  contact  forces 
robot . 


and 


the  motion  of 


the 


on  an  applied  note,  the  three  oreintation  axes  use  digital  velocity  control 
loopi..  ralhei  than  analog  loops,  as  used  by  the  three  proximal  axes  This 

[hX"'Lfs7ro/th"rrobo°f  t"'  disconnecting 
th^robor  In  of  controller  fault,  shutting  down 
achieve  Problems  will  require  consderable  effort  to 


Note  that  there  appears  to  be  no  immediate  need 
trol  for  the  initial  umbilical  mating  test, 
prove  satisfactory  foi  the  short  term. 


for  active  orientation  con- 
Passive  compliance  should 


^.2  FUTURE  WORK  ON  FORCE  FEEDBACK  CONTROL 


The  following  is  a list  of  future 
of  the  Analog  Force  Controller. 


tasks  designed  to  improve  the  performance 


1.  Professional  construction  of  analog  electronics  controller  card 

2.  Electronical Iv  switchable  robot  interface. 

3.  Noise  identification  and  supression  in  electronics. 

4.  Circuit  diagram  of  Op-Amp  input  to  ASEA  axis  board. 
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S . Better  Joint  coordination  design. 
h.  Model  for  contact  force. 

7.  Model-based  controller  tuning. 

8.  Integration  with  passive  compliance. 

9.  6 D.O.F.  axis  control  investigation. 


5.3  COMBINATION  OF  VISION  AND  FORCE 


In  the  prototype  umbilical  mating  tests,  the  force  controller  must  work  in 
conJuLtion  with  the  existing  6 D.O.F.  vision  system.  The  integration  o 
the  two  has  been  delayed  until  both  force  and  vision  have  been  capable  of 
IpLatlnS  srparately!  The  foUovins  is  a possible  senario  of  hov  vision 
can  be  combined  with  the  3 D.O.F.  analog  force  controller. 


POSSIBLE  VISION/FORCE  MATING  PROTOCOL 


1.  6 D.O.F.  vision  system  brings  robot  to  within  force  capture  aper 

ture. 

o MicroVAX  II  initiates  control  changeover  from  vision  to  force 
control  by  triggering  electronic  switchover  to  analog  control  o 

robot . 


3. 


Strong  force  bias  in  Z direction  from  analog  board 
into  contact  with  target  chamfers,  force  control  in  X 
tions  guides  the  robot  to  mated  position.  Passive 
handles  the  orientation  misalignments. 


moves  robot 
and  Y direc- 
compllance 


h.  MicroVAX  triggered  collets  rigidly  attach  flight  side  and 
ground-side  umbilical  plates. 

5.  Bias  in  Z direction  removed,  force  control  allows  robot  to  track 
motion  of  SSV. 


6. 


MicroVAX  triggers  demate  by  first  requests  position 
from  ASEA  controller  to  be  used  as  a new  baseline 
vision  system. 


information 
position  for 


7.  MicroVAX  switches  control  from  analog  to  ASEA  digital  controller 
using  vision  system  for  withdrawl  of  robot. 
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5 . 4 SAFTEY 


There  is  a safety  problem  inherent  any  time  two  obiects  arp  -i» 

This  IS  especially  true  of  thp  a<:ra  »-r.K  ♦-  u sre  in  contact. 

5:Sir=S,r,:— 


5.5  CONCLUSIONS 

feSb'Ick  „‘u 

compensation  ..:iT.lrirZl7n  ZT^T^nTroT^.r;^^^''^  " 

betweer"the  digUal"aid  aj^additiollal’^an  control  system 

control.  This  form  of  force  feedback  control  feedback 

vide  satisfactory  performance  for  thrlr  D forcrT'ifl 
without  using  passive  compliance  devices.  ' * ^ feedback  control 

oJientrti^^^axIs  vIsL" 

satisfy  a preliminary  remote  nmhi n toitial  target  approach  to 

D.O.r.  aLlog  force  c”troIU^  rs  "°“ever.  the  3 

futnr.  developments  re,„tri„g  force  feedh.4'':o^t““:ItrL^''s::e":rii:- 
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1.1  INTRODUCTION 


The  prevention  of  structure  and  equipment  from  damage  by  mpulsive  excitions 
neccLitates  a study  which  wiU  predict  the 

system  Twokindsof  impulsive  excitations  are  considered  m this  study,  a blast 

-nrcssure  which  acts  directly  on  the  structure  or  equipment,  ^ a sudden 
acceleration  of  bases  which  support  structure  or  equipment,  m investigation 
can  provide  some  useful  infoimatuin  which  is  relevant  to  the  KSC  launching 
equipment  shock  design  applications. 

The  purpose  of  this  study  is  to  develop  a practical  melbod  which  will  effi^^endy 
extract  higher  modes  and  frequencies  for  a class  of  Multiple  Degree-of-Freedom 
(MDOF)  structures.  When  these  higher  modes  and  frequencies  are  used  along 
w^  the  shock  spectra  of  a linear  osciUator  subjected  to  the  same  excition.  their 
contributions  to  the  maximum  stresses  in  the  real  structure  could  well  be  very 

significant. 

2.1  ANALYSIS 

At  least  for  the  purpose  of  estimate  or  in  the  initial  design  stage,  a ^tailed 
dynamical  analysis  of  a real  structure  system  is  rarely  attempted,  m usual 
practice  is  to  choose  an  idealized  mathematical  model  consisting  of  springs  ( or 
Lstic  elements ).  dampers,  and  lumped  masses  which  closely  perform  m the 
same  way  as  the  real  structure  or  equipment.  Fig^  1.1  shows  how  each  red 
structure  or  equipment  is  represented  by  an  idedized  mathematical  model.  In 
this  study,  damping  is  excluded  from  the  analysis,  since  only  the  maximum 
dynamical  response  of  the  system  is  of  primary  interest. 

A class  of  structures  considered  in  this  study  are  beams  and  frames  of  various 
support  conditions.  These  structures  are  the  typical  ones  which  support 
equWnt  or  instruments,  and  in  certain  cases  , represent  the  equipment  itself. 
For  the  sake  of  simplicity  and  practicality,  only  up  to  tl^e  DOF  stnictures  are 
included  in  this  study.  Accordingly,  the  method  is  considered  efficient  when  it  is 
applied  to  these  structures.  In  developing  the  inethod,  with  the  ex^ption  of  the 
fhst  mode  and  frequency  which  require  a few  iterations,  the  solution  ^tracts 

hicher  modes  and  frequencies  directly  from  the  frequency  equation.  The 

equations  governing  the  motion  of  MDOF  structures  are  wntten  m terms  of 
flexural  modes,  but  they  are  equally  applicable  to  the  cases  of  torsional  modes. 
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Table  1.1  shows  the  class  of  structures  which  are  included  in  this  study. 

2.1.1  SD^GLE  DEGREE-OF-FREEDOM  SYSTEM  (SDOF)  A brief 
description  of  the  SDOF  structure  system  is  discussed  first  because  it  can 

foOF  modd  S'udy  of  the  MDOF  structure  system.  The 

Si  „ ^ “ S“6'e  coordinate  is  sufficient  to  describe 

model  is  givCTby^  of  motion  of  an  equivalent  SDOF 
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2.1.2  MULTIPLE  DEGREE-OF-FREEDOM  SYSTEM  (MDOF).  If  a real 
structure  system  has  more  than  one  possible  mode  of  displacement,  then  more 
than  one  independent  coordinate  is  needed  to  describe  its  response.  The  structure 
system  must  now  be  rrepresented  by  a MDOF  model.  In  a MDOF  system; 
determining  frequencies  and  modes  become  exceedingly  cumbersome,  wcause 
one  must  deal  with  a complete  set  of  equations  of  motion,  one  equation  for  each 
degree  of  freedom.  The  complexity,  however,  can  be  reduced  greatly  by  usmg 
the  modal  analysis  concept  in  which  the  response  in  the  normal  modes  are 
determined  separately,  and  then  superimposed  to  provide  the  total  response. 

2121  Fundamental  Mode  and  Frequency.  In  most  practical  problems,  usually 
a’few  of  the  lower  modes  are  of  interest.  Therefore,  the  Rayleigh  method  is 
convenient  to  use,  especially  in  finding  the  fundamental  frequency.  By  this 
method,  the  natural  frequency  of  the  fundamental  mode  (first  mode)  can  be 
obtained  with  considerable  accuracy  and  yet  with  relative  ease.  Although  the 
mode  shape  obtained  is  less  accurate,  that  can  be  improved  with  few  iterations. 
In  Rayleigh,  the  equation  used  to  obtain  the  natural  frequency  of  fundamental 

mode  is  given  by: 


r~i  

A L 
r^i 


C^) 


where 

4*^  - displacement  coordinate  of  rth  mass 
f . = inertia  force  of  rth  mass 
A = a constant 
Mr  = rth  mass 

co  = natural  frequency  of  fimdamental  mode 
In  many  practical  problems,  a reasonable  solution  of  fundamental  frequency  is 
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often  obtained  by  assuming  the  static  deflection  curve  as  the  mode  shape,  and  the 
dynamic  deflection  curve  is  used  in  subsequent  iterations  if  desirable. 

2. 1.2.2  High  Modes  and  Frequencies.  After  the  fundamental  mode  and 
frequency  have  been  determined  from  the  preceding  section,  the  next  higher 
modes  and  frequencies  of  a three  DOF  system  are  then  directly  extracted  from 
the  following  frequency  equation. 

where  5 relates  to  the  frequency  of  higher  mode  and  C. , C, , C.  arc  constants 
which  relate  to  masses  and  flexibility  coefficients  of  the  particular  structure 

concerned.  Detailed  descriptions  of  variables  and  constants  in  Eq.(S)  are  siven 
in  the  Appendix  B.  & 

2. 1.2.3  Upper  Bound  Maximum  Displacement  of  Masses.  The  upper  bound  of 

the  maximum  displacement,  of  rth  mass  due  to  all  modes  is  given  by: 


where 

= modal  static  desplacement 
= displacement  coordinate  of  rth  mass  for  nth  mode 
N = number  of  modes 

maximum  dynamic  magnification  factor 

in  this  manner  is  a rather  conservative  estimate  of  the 
maximum  displacement. 

2. 1.2.4  M^imum  Dynamic  Load.  In  order  to  find  the  maximum  stress  in  the 
structure,  ^e  maximum  relative  displacement  between  two  adjacant  masses  must 
be  determmed  first,  and  which  is  given  by  the  following  equation. 
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A 


m aX 


<^7) 


where 

A ^ = maximum  relative  displacement  between  rth  mass  and 

’ (r-1)  mass  for  all  modes 

The  maximum  dynamic  force,  F^,  which  induces  maximum  dynamic  stress  in  the 
real  structure,  is  then  given  by: 

Where  is  the  spring  constant  between  the  rth  mass  and  the  (r-l)th  mass. 

Now  by  replacing  the  static  force  in  the  real  structure  with  one,  the  maximum 
dynamic  force,  in  the  same  stmcture,  the  computation  of  maximum  dynamic 
stress  can  be  proceeded  in  the  same  way  as  in  ^e  static  case. 


3.1  APPLICATION 

Eight  beams  and  frames  of  various  support  conditions  are  chosen  in  this  study. 
They  are  grouped  into  three  catagories  below  and  also  are  shown  in  Table  1.1 

a.  SDOF  System 

Simply  Supported  Beam 

b.  Two  DOF  System 

Simply  Supported  Beam 
Fixed  Ends  Beam 
Oveihanging  Beam 
Rigid  Body  on  Flexible  Supports 

c.  Three  DOF  System 
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Simply  Supported  Beam 

Simply  Supported  and  Fixed  End  Beam 

Shear-Building  Frame 


Frequencies  and  modes  are  obtained  for  all  eight  cases.  These  cases,  one  in  each 
catagory,  are  chosen  in  stresses  computation.  No  attempts  arc  made  to  include  all 
possible  cases,  the  method,  however,  is  general  enough  in  application  that  a 
modification  on  flexibility  coefficients  is  all  that  required . A computer  program 
is  written  for  each  case  except  the  SDOF  one.  In  the  program,  the  flexibility 
coefficients  are  derived  from  the  static  deflection  curve.  Examples  in  Appendix 
D show  modes  and  frequencies  for  all  eight  cases  and  stresses  computation  for 
three  cases.  Although  programs  and  examples  arc  written  in  flexural  mode,  they 
are  equally  valid  in  torsional  mode.  To  obtain  results  in  the  torsional  mode, 
simply  substitute  the  mass,  modulus  of  elasticity,  and  the  area  moment  of  inertia 
in  the  flexural  mode  with  the  mass  moment  of  inertia,  modulus  of  rigidity,  and 
polar  moment  of  inertia  in  the  torsional  mode,  respectively. 

4.1  RESULTS  AND  DISCUSSIONS 

Modes  and  frequencies  arc  obtained  for  all  seven  cases  in  the  MDOF  system. 

And  stresses  are  computed  for  three  cases,  one  in  each  catagory.  The  results  are 
verified  from  some  known  sources.  The  method  is  general  and  yet  efficient  to 
extract  higher  modes  and  frequencies  in  a MDOF  system.  In  application, 
flexibility  coefficients  must  be  obtainded  first  for  each  structure  concerned.  The 
advantage  of  this  proposed  method  is  that  modes  and  frequencies  obtained  in  the 
MDOF  system  and  the  shock  spectra  developed  in  the  linear  oscillator  can  each 
serve  as  an  independent  module.  Any  change  in  one  does  not  affect  the  other. 

But  both  must  act  together  to  obtain  ie  maximum  displacements  and  stresses  in 
the  MDOF  structure.  For  illustrative  purpose,  some  sample  outputs  of 
d^amical  responses  and  of  shock  spectra  for  a linear  oscillator  arc  given  in 
Figures  5.1  through  5.6. 

5.1  SUMMARY  OF  RESULTS 

Results  of  modes,  frequencies,  and  stresses  for  thje  MDOF  systems  are 
summarized  in  Table  5.1.  Verifications  are  made  from  several  known  sources. 
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6.1  FUTURE  RESEARCH 

Many  more  cases  can  be  included  in  the  future  study.  Tables  and  charts  in  each 
case  can  be  gemrated  for  quick  references  in  shock  design  applications.  If 
enough  cases  are  developed,  most  likely,  one  can  model  a real  stmcture  analogue 

to  one  of  the  cases. 
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FORTRAN 

FILE 


TWO  DOF 


HS2.FOR 


HF2.FOR 


HOH2.FOR 


TABLE  5.1 

TWO  DOF  SIMPLY  SUPPORTED  BEAM 
INPUT  DATA 


load  1 load  2 

span 

load  1 

load  2 

modulus 

area 

length 

from  right 

from  right 

of 

moment 

support 

support 

elasticity 

of 

lb  lb 

inch 

inch 

inch 

lb/in*^2 

inertia 

in**4 

25  50 

35 

25 

10 

1.E6 

24 

OUTPUT  DATA 

mode 


1 

2 


natural  frequency 
rad/sec 


displacement 
coordinate 
mass  1 


474.9297 

1619.361 


1.000000 

1.000000 


TWO  DOF  FIXED  ENDS  BEAM 


displacement 
coordinate 
mass  2 

1.068182 

-0.4650053 


INPUT  DATA 


load  1 

load  2 

span 

length 

load  1 
from  right 
support 

load  2 
from  right 
support 

modulus 

of 

elasticity 

lb 

lb 

inch 

inch 

inch 

lb/in**2 

25 

50 

35 

25 

10 

1.E6 

area 

moment 

of 

inertia 

in**4 


24 


OUTPUT  DATA 


mode 


1 

2. 


natural  frequency  displacement 

coordinate 

rad/sec  mass  1 


displacement 
coordinate 
mass  2 


1121.801 

2336.245 


1.000000  1.202247 
1.000000  -0.3803002 


TABLE  5.1  (Continue) 
TWO  DOF  OVERHANGING  BEAN 
INPUT  DATA 


load  1 

load  2 

span 

length 

load  1 
from  left 
support 

load  1 
from  right 
support 

load  2 
from  right 
support 

lb 

lb 

inch 

inch 

inch 

inch 

30 

7.5 

24 

12 

12 

12 

mudulus  of  elasticity  - 1 
Area  moment  of  inertia  *■ 

•**E6  Ib/in* 
24  in**4 

*2 

mode 


1 

2 


OUTPUT  DATA 


natural  frequency  displacement 

coordinate 

rad/sec  mass  1 

100.3552  1.000000 

211.4977  1.000000 


TWO  DOF  RIGID  BODY  BEAM 
ON  FLEXIBLE  SUPPORTS 


displacement 

coordinate 

mass  2 

-2.774851 

1.441519 


INPUT  DATA 


load  1 

radius 

of 

gyration 

span 

length 

c.g. 

from  left 
support 

c.g. 

from  right 
support 

spring 

constant 

1 

spring 

constant 

2 

lb 

inch 

inch 

inch 

inch 

Ib/in 

Ib/in 

5.6 

3,9 

10 

6.93 

3.07 

15 

5 

OUTPUT  DATA 


mode 

natural  frequency 

displacement 

coordinate 

displacement 

coordinate 

rad/sec 

mass  1 

mass  2 

1 

23.30480 

1.000000 

-4.971451 

2* 

65.67800 

1.000000 

0.2011464 

!'=> 


TABLE  5.1  (CONTINUE) 

THREE  DOF  SHEAR  BUILDING  PRANE 


INPUT  DATA 


load  1 

load  2 load  3 

span 

load  1 load  2 

load  3 

length  from  right  from  right 

from  right 

support  support 

sopport 

lb 

lb  lb 

inch 

inch  inch 

inch 

650 

19300  38600 

466 

346  173 

0 

modulus  of 

elasticity 

- 1.E6  lb/in**2 

area  moment  of  inertia 

1 - 4320  in**4 

OUTPUT  DATA 

mode 

natural  displacement 

displacement  displacement 

f requency 

coordinate 

coordinate 

coordinate 

rad/sec 

mass  1 

mass  2 

mass  3 

1 

6.007805 

1.000000 

3.906237 

6.106354 

2 

20.01055 

1.000000 

2.996532 

-0.9990512 

3 

40.79921 

1.000000 

-0.1600301 

1.0241550E 

THREE  DOF  SIMPLY  SUPPORTED 


AND 

FIXED 

END  BEAM 

INPUT 

DATA 

load  1 

load  2 

load  3 

span 

length 

load  1 
from  right 
support 

load  2 
fcom  right 
support 

load  3 
from  right 
sopport 

lb 

lb 

lb 

inch 

inch 

inch 

inch 

1.5 

1.0 

2.0 

480 

390 

294 

168 

modulus  of  elasticity  - l.**E6  lb/in**2 
area  moment  of  inertia  - 90  in**4 


OUTPUT  DATA 


mode 


1 

2 

3 


natural  displacement 

frequency  coordinate 


displacement  displacement 
coordinate  coordinate 


114.4500 

313.5506 

796.5601 


1.000000 

1.000000 

1.000000 


1.504153 

0.4624190 

-1.5746B0 


1.073840 

-1.234211 

0.4090067 


THREE  DOF  SIMPLY  SUPPORTED  BEAM 


INPUT  DATA 


load  1 load  2 load  3 


lb 

3 


lb 

2 


lb 

3 


span 

length 


inch 

480 


load  1 load  2 load  3 
from  right  from  right  from  right 
support  support  support 


inch 

360 


inch 

240 


inch 

120 


modulus  of  elasticity  - l.**E6  lb/in**2 
area  moment  of  inertia  - 30  in**4 


mode 


1 

2 

3 


natural 

frequency 

rad/sec 

32.31675 

114.0660 

275.5626 


OUTPUT  DATA 

displacement 

coordinate 

massll 

1.000000 

1.000000 

1.000000 


displacement 
coordinate 
mass  2 

1.400000 

3.2434639E-02 

-2.1306B4 


displacement 
coordinate 
mass  3 

1.073048 

1.000000 

1.000000 
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ABSTRACT 

A brief  description  of  Complex  39L  as  it  is  currently 
conceived  is  presented.  A brief  discussion  of  lunar  thermal 
history  is  then  presented.  From  this  follows  a discussion 
of  the  current  lunar  thermal  environment  which  will  impact 
the  design  of  cryogenic  storage  and  handling  facilities  on 
the  moon.  Some  previous  studies  are  discussed.  A 
conceptual  design  of  liguid  oxygen  and  hydrogen  storage 
facilities  is  presented.  The  essential  feature  of  this 
facility  is  that  cryogens  are  to  be  stored  in  a number  of 
small  tanks  which  can  serve  as  lander  propellant  tanks 
rather  than  as  one  large  storage  vessel.  These  tanks  will 
be  placed  under  a Fuel  Inventory  Tent  (FIT)  for  shadow 
shielding.  Methods  of  dealing  with  propellant  boil-off  are 
discussed.  A base  case  cascade  refrigeration  system  for 
boil-off  recovery  is  designed.  Equipment  sizes  and  power 
reauirements  are  such  that  it  seems  very  feasible  to 
construct  a prototype  boil-off  recovery  system  in  a 
laboratory  environment. 
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1 . INTRODUCTION 

In  addition  to  reporting  on  the  cryogenics  systems 
engineering  work  performed  this  summer,  we  shall  also 
attempt  in  this  report  to  explain  the  larger  than  usual 
number  of  institutional  ties  upon  this  work.  In  addition  to 
the  NASA/ASEE  (American  Society  of  Engineering  Education) 
Summer  Faculty  Fellowship  program,  this  project  is  also 
intimately  tied  to  the  NASA/USRA  (University  Space  Research 
Association )/UADP  (University  Advanced  Design  Program). 
Further,  the  Florida  Institute  of  Technology  (FIT)  has 
recently  established  a Space  Research  Institute  (SRI)  funded 
in  part  by  the  state  of  Florida  through  revenues  generated 
by  Challenger  memorial  license  plate  sales.  A number  of 
possible  SRI  projects  are  discussed.  An  additional 
institutional  tie  is  past  and  future  participation  in 
proposals  for  a Space  Engineering  Research  Center . Any 
space  related  work  by  any  faculty  member  from  a school 
aspiring  to  one  of  these  centers  must  be  viewed  as  an 
attempt  to  strengthen  the  schools  position  in  this  regard. 

A preliminary  definition  of  COMPLEX  39L  was  the  topic 
of  a senior  engineering  advanced  space  design  project 
during  the  academic  years  of  1986—87  and  1987—88  at  FIT . 
This  project  was  part  of  the  UADP  sponsored  by  NASA  through 
the  USRA.  Over  thirty  universities  participate  in  this 
program.  Most  of  the  work  described  herein  emanates  from 
this  project  and  extends  it.  A description  of  the  v;ork  done 
to  date  on  COMPLEX  39L  is  given  in  the  next  section.  For  the 
academic  year  1988-89,  the  senior  engineering  advanced  space 
design  project  will  focus  more  narrowly  on  a relatively 
small  subset  of  the  elements  which  must  comprise  the 
facility,  namely,  the  two  areas  of  cryogenic  propellant 
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storage  systems  and  guidance  systems. 

The  next  section  discussed  the  part  of  this  summer 
work  which  was  concerned  with  cryogenic  storage.  First, 
lunar  site  considerations  were  studied.  This  entailed  a 
lock  at  the  thermal  history  of  the  moon.  Then,  current 
aspects  of  the  thermal  setting  on  the  moon  were 
investigated.  From  previous  work,  some  base  case  design 
criteria  were  formulated.  The  problem  of  the  storage  of 
cryogenic  propellants  on  the  moon  as  been  studied  since  the 
1960^5.  Some  of  these  studies  are  discussed.  An  estimate  of 
the  expected  hydrogen  boil -off  rate  was  made  based  upon 
currently  accepted  criteria  rather  than  a detailed  thermal 
analysis.  From  this  estimate,  a base  case  cascade 
refrigeration  system  for  hydrogen  boil-off  recovery  is 
designed.  The  bulk  of  the  work  described  is  concerned  with 
this  refrigeration  system  design. 

The  section  on  Future  Work  can  be  broken  into  three 
areas.  First,  senior  design  projects  to  be  assigned  at  FIT 
during  the  coming  academic  year  are  covered.  While  this 
summer  research  project  was  primarily  concerned  with 
cryogenics,  some  plans  for  work  on  guidance  systems  during 
the  coming  academic  year  are  discussed.  Next,  some  specific 
recommendations  to  KSC  are  promulgated.  Finally,  some 
possible  research  projects  for  the  SRI  at  FIT  are  discussed. 


2.  COMPLEX  39L 

As  a basis  for  this  work,  we  consider  a preliminary 
definition  of  a lunar  landing  and  launch  facility  (LLLF  or 
Complex  39L) . We  consider  a phase  III  lunar  base 
(References  [3]  and  [10]).  Without  specifying  specific  lunar 
base  scenarios,  we  envision  three  traffic  levels:  6,  12,  and 
24  landings/launches  per  year.  We  have  assumed  a single, 
multipurpose  vehicle  for  the  lunar  module.  The  design  and 
specification  of  the  vehicle  and  of  the  lunar  base  will 
have  an  impact  upon  the  design  of  the  LLLF.  Figure  1 
illustrates  the  Earth-Moon  transportation  infrastructure. 
The  scope  of  Complex  39L  is  graphically  illustrated  by  the 
Systems  Diagram  of  Figure  2.  Here,  major  functions  or 
facilities  are  represented  by  blocks  in  a block  diagram.  The 
dashed  line  represents  the  boundary  of  Complex  39L.  This  is 
a simplified  version  of  this  diagram.  Obviously,  other  items 
could  be  included.  Based  upon  this  diagram,  we  have 
considered  nine  major  design  items  or  areas.  These  items 
are: 
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[ 1 . ] LANDING/LAUNCH  SITE  CONSIDERATIONS 

[ 2.]  STRUCTURE,  SHELTER,  SAFETY,  ENVIRONMENTAL  NEEDS 

[ 3.]  LANDING/LAUNCH  GUIDANCE,  COMMUNICATIONS,  COMPUTING 
NEEDS 

[ 4 . ] LUNAR  MODULE  SURFACE  TRANSPORT  SYSTEM 
[ 5 . ] HEAVY  CARGO  UNLOADING/LOADING  SYSTEMS 
[ 6 . ] PERSONNEL  UNLOADING /LOADING  SYSTEMS 
[ 7 . ] PROPELLANT  UNLOADING/LOADING  SYSTEMS 
[ 8.]  VEHICLE  STORAGE 

[ 9.]  MAINTENANCE,  REPAIR,  TEST  AND  CHECK-OUT 

REQUIREMENTS 

This  constitutes  a preliminary  description  of  a phase  III 
lunar  landing  and  launch  facility.  These  items  are  further 
illustrated  on  the  plot  plan  of  Figure  3. 

The  senior  engineering  project  of  the  advanced  space 
design  program  at  FIT  for  the  academic  year  1988-89  will 
consist  of  subsets  of  items  [ 3.]  and  [ 7.].  Part  of  the 

project  will  be  concerned  with  guidance  and  communications. 
These  functions  and  others  will  be  housed  in  the  modules  to 
the  left  of  the  VAT  (Vehicle  Assembly  Tent)  as  depicted  on 
the  plot  plan.  Another  part  of  the  project  will  be 
concerned  with  cryogenic  propellant  storage  and  handling. 
These  functions  will  be  housed  in  the  FIT  (Fuel  Inventory 
Tent)  to  the  right  of  the  VAT,  again,  as  depicted  on  the 
plot  plan. 

Figure  4 presents  a preliminary  sketch  of  the  VAT.  We 
envision  using  similar  structures  for  the  FIT'S.  The  fuel 
and  oxidant  (liquid  hydrogen  and  liquid  oxygen)  will  be 
housed  in  separate  tents  for  safety.  The  purpose  of  the 
tents  is  to  provide  shadow  shielding  and,  hence,  a near 
constant  thermal  environment  for  the  cryogenic  fuel  tanks. 
More  detailed  descriptions  of  Complex  39L  and  the  tents  are 
presented  elsewhere  (References  [3]  and  [10]  ). 


3 . CRYOGENIC  SYSTEMS 
3.1.  Lunar  Thermal  History 


To  evaluate  the  thermal  environment  for  cryogenic 
prcpellant  storage  on  the  moon,  some  aspects  of  lunar 
thermal  history  were  studied.  A surprisingly  large  body  of 
literature  exists  on  this  topic  (References  [8],  [9],  and 
[13]),  Most  of  our  knowledge  comes  from  theoretica] 
calculations.  Direct  observation  is  difficult.  Mathematical 
models  in  the  form  of  an  energy  balance  are  formulated  from 
the  following  partial  differential  equation. 
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Here,  the  term,  H , is  a radioactive  decay  heat  source 
term.  Other  nomenclature  is  standard.  An  initial  condition 
expressing  the  initial  temperature  as  a function  of  the 
radius  is  written  as 


(2) 


T(r,o)  - f(r) 


Initial  time  is  taken  as  4.5  billion  years  ago.  Boundary 
conditions  used  are 


(3) 


^(0,  t) 

dr 


= O 


(4) 


TOt.O  = <ili) 


The  first  condition  states  that  the  temperature  is 
symmetrical  about  the  center  of  the  moon.  This,  of  course 
assumes  that  spatial  variations  in  the  properties,  density^ 
heat  capacity,  and  thermal  conductivity  are  negligible.  The 
second  condition  gives  surface  temperature  as  a function  of 
ime.  This  is  usually  taken  as  some  constant  average 
temperature  in  the  neighborhood  of  273  K.  A surface  heat 
tiux  boundary  condition  could  also  be  used. 


Many  studies  have  been  performed  using  such  models.  A 
number  of  variations  on  the  model  can  be  imposed.  Some 
studies  differ  in  the  treatment  of  the  temperature  variation 
of  the  physical  properties  : density,  heat  capacity,  and 
thermal  conductivity.  In  most  cases,  the  density  and  heat 
capacity  are  taken  as  constant  while  the  thermal 
conductivity  is  taken  as  a function  of  temperature  cubed. 
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Another  variation  is  in  the  assumed  abundance  of  radioactive 
elements  in  the  moon.  Given  an  abundance  (set  of 
concentrations),  the  heat  source  term  is  a summation  of  the 
gj-j0j-gy  release  upon  decay  of  each  radioactive  eleme)it 
considered.  Some  studies  also  assume  a spatial  distribution 
of  these  elements.  If  the  possibility  of  melting  of  the 
lunar  material  is  considered,  then  the  boundary  value 
problem  becomes  a moving  boundary  problem  and  another 
physical  constant,  the  heat  of  fusion,  is  introduced.  This 
parameter  may  also  vary  with  temperature  and  position.  Two 
major  initial  conditions  are  used.  One  can  assume  that  the 
moon  was  initially  cold  and  has  been  heated  up  by 
radioactive  decay  or  one  can  assume  that  the  moon  was 
initially  hot  and  has  been  cooling.  Since  the  current 
surface  temperature  variation  is  fairly  well  known,  a good 
average  surface  temperature  can  be  estimated.  The  effects 
of  convection  of  a molten  core  have  also  been  studied. 

All  but  the  simplest  of  these  variations  produce 
boundary  value  problems  that  cannot  be  solved  analytically. 
Finite  difference  techniques  have  been  used.  Spatial  steps 
are  on  the  order  of  lO's  of  kilometers  (e.g.,  20  km).  Time 
steps  are  on  the  order  of  millions  or  tens  of  millions  of 
years.  Thus,  an  average  surface  temperature  or  flux  is  used 
instead  of  the  diurnal  (daily)  variations.  A time  step  of  a 
million  years  would  require  4500  time  steps  for  the  4.5 
billion  year  life  of  the  moon.  The  20  km  radial  step  would 
require  87  space  steps. 

The  resulting  solution  for  such  problems  is  a time  and 
radial  variation  of  lunar  temperatures  over  the  history  of 
the  moon.  In  addition,  one  can  calculate  an  average  lunar 
surface  heat  flux.  The  results  of  many  of  these  studies 
show  that  the  moon  is  currently  near  a thermal  steady-state. 
Further,  the  variations  in  temperatures  at  shallow  depths  (0 
to  100  km)  from  one  model  to  the  next  are  not  very 
significant.  Also,  the  calculated  surface  heat  flux  is  on 
the  order  of  10~""  times  the  maximum  (ecliptic)  daytime  solar 
insolation  of  1400  W/m=.  This  means  two  things  for  our 
studies : 

1. )  We  can  assume  constant  subsurface  temperatures. 

2. )  We  can  neglect  the  "net:  surface  heat  flux. 


3.  2.  Lunar  Thermal  Environment 


A similar  hierarchy  of  boundary  value  problems  can  l>e 
posed  for  the  lunar  surface  down  to  shallow  depths  over  a 
period  of  one  lunar  day  (about  28  earth  days).  For  a period 
of  one  lunar  day,  we  can  ignore  the  radioactive  heat  sourc;e 
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term  so  that  the  problem  becomes  a purely  heat  condvaction 
problem.  The  surface  boundary  condition  will  be  a function 
of  time.  During  lunar  daytime,  the  surface  will  receive 
solar  energy.  The  surface  will  also  radiate  to  outer  space 
according  to  the  Stef an-Boltzman  law.  At  night,  only  the 
radiation  term  will  be  present.  Other  variations  that  could 
be  imposed  upon  this  surface  boundary  condition  are  whether 
or  not  to  approximate  the  nonlinear  radiation  term  by  a 
linear  function  and,  if  so,  one  could  vary  the  choice  of  the 
points  about  which  to  linearize  this  term,  depending  upon 
the  time  of  day  one  wants  the  resulting  approximate  solution 
to  be  most  accurate.  Since  the  heat  conduction  eguation  is 
second  order,  another  boundary  condition  is  reguired.  The 
most  common  conditions  are  that  the  temperature  is  constant 

ij^finite  depth.  This  can  be  posed  in  various  ways, 
depending  upon  the  geometry  of  the  problem.  The  problem  can 
be  posed  as  a one  dimensional  problem.  The  one  dimensior. 
would  be  along  a radius  from  the  equator  at  high  noon.  Other 
radii  could  be  chosen  and  the  only  change  required  would  be 
boundary  condition.  Another  possible  boundary  condition  is 
that  the  heat  flux,  i.e.,  the  first  partial  derivative  of 
temperature  with  respect  to  the  depth  coordinate  be  zero  at 
infinite  depth.  For  spherical  geometry,  these  two  boundary 
conditions  would  be  constant  temperature  or  zero  derivative 
at  the  center  of  the  moon.  The  problem  can  be  posed  with 
static  moon  or  a rotating  moon.  While  the  moon  does 
actually  rotate,  the  solutions  of  the  static  problems  are 
often  sufficient  to  answer  various  questions  pertaining  to 
the  lunar  thermal  setting.  For  the  one  dimensional  problem, 
temporal  variations  are  handled  by  the  time  varying  surface 
boundary  condition  and  one  need  only  pose  an  initial 
condition.  For  the  rotating  sphere  problem,  the  time 
boundary  condition  is  periodic.  That  is  neglecting  the  net 
flux  predicted  by  lunar  thermal  history  studies,  the 
solution  of  the  rotating  sphere  problem  should  repeat  itself 
every  lunar  day.  A number  of  the  one  dimensional  problems 
have  been  solved  for  various  boundary  conditions 
(References  [8]  and  [13]).  We  have  not  encountered  a 
solution  to  the  rotating  sphere  problem. 

The  result  of  these  various  heat  conduction  problems 
using  the  best  available  estimates  of  lunar  thermal 
properties  is  that  the  constant  temperature  that  is  attained 
at  "infinite"  depth  is  240  K + or  — 6 K (Reference  [8]). 
Furthermore,  this  temperature  is  attained  at  a depth  of 
about  one  foot! 

So,  while  the  lunar  surface  temperatures  vary  much  more 
than  terrestrial  temperatures  - from  a scorching  373  K to  a 
^hiiiirig  120  K,  this  variation  occurs  only  over  relatively 
shallow  portion  of  the  moon  and  that  at  very  shallow  depths, 
the  constant  temperature  of  240  K (-28  °F)  prevails.  V^e 
will  use  this  in  our  designs.  We  shall  consider  this  the 
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temperature  at  which  we  can  reject  heat  from  heat  engines. 
On  earth,  this  temperature  is  ambient,  i.e.,  abou-  100  F, 
via  cooling  water  or  air.  We  shall  reject  heat  on  the  moon 
by  conduction  to  the  regolith. 


3.3 


Previous  Studies 


Studies  of  lunar  cryogenic  storage  have  been  performed 
since  the  1960's  and,  perhaps,  before.  We  will  cite  only 
three  here.  One  of  the  more  useful  that  we  found  wab 
performed  by  P.  Glaser,  et  al , of  the  Authur  D.  Little 
and  Co.  (Reference  [7]).  A basic  cryogenic  storage  vessel 
design  is  found  therein.  Some  fundamental  aspects  of 
radiation  heat  transfer  on  the  moon  are  developed  in  this 
report.  Bell  of  Boeing  (Reference  [6])  studied  no-loss 
storage  of  solid  hydrogen  on  the  moon.  However,  to  date, 
solid  hydrogen  has  only  been  produced  as  a slush  of  up  ..o  a 
maximum  of  40  % solid  in  liquid.  A recent  study  was 

performed  under  the  auspices  of  the  USRA  program  (Reference 

[2]). 

As  mentioned  above,  there  are  many  other  similar  studies. 
Most  of  these  studies  focus  on  the  vessel  design  and 
attendant  radiation  heat  transfer.  Almost  all  of  these 
studies  consider  only  a single  (or  perhaps,  two)  storage 
vessels.  Almost  all  studies  consider  the  vessel  to  be 
sitting  "bare”  on  the  lunar  surface  and,  therefore,  subject 
the  the  wide  diurnal  temperature  variations.  Thus,  some  of 
the  fundamental  bases  of  this  study,  namely,  storage  in 
small,  vehicle  tank  sized  vessels  and  the  use  of  a tent  for 
shadow  shielding  and  constant  thermal  environment,  make  an 
exhaustive  literature  search  less  useful. 

Nevertheless,  a more  exhaustive  review  of  the  literature  is 
planned  elsewhere. 


3.4.  Propellant  Storage 


For  inventory  purposes,  we  shall  base  our  design  upon  a 
fully  developed  Phase  III  lunar  base.  The  levels  of 
development  of  the  various  levels  of  lunar  base  scenarios 
have  been  defined  elsewhere  (Reference  [12]).  The  impor  an 
thing  for  our  purposes  is  the  maximum  population  level  of  30 
people.  We  shall  specify  that  our  propellant  inventory  be 
of  such  a magnitude  that  all  30  people  could  be  evacuated 
from  the  lunar  surface  without  additional  propel Ian 

resupply.  Our  base  case  lander  (Reference  [1]  and  till) 
will  transport  6 people.  The  propellant  requirements  are 
12500  kg  of  LOX,  2175  kg  of  LH2,  at  an  O/F  of  5.75.  We 
multiply  these  numbers  by  5 for  the  5 required  launches  fo 
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evacuation.  We  allow  lo  % for  chill-down  requirements  Thi«; 

study.  We  allow  5 % for  Lil-™^ 
Again  this  figure  needs  additional  work.  This  given  a tot^' 

inventory  of  72000  kg  for  LOX  and  12500  k^  for  LH2  u 

these  inventories  were  stored  in  single  spherical  tanks 

the  resultiny  diameters  would  oe;  LOX  - 4 9 m-  in?  n c ' ' 

"""  twinsphericaJ  t^Akf^^r  Lth 

oxidant  and  fuel.  Both  are  used  simultaneously  Thic- 
maintains  a relatively  constant  center  of  gravuf  fir  thl 
shall  store  our  inventories  in  twelve  tanks 
launches  and  two  ext?a  for  thA 
hoil-off  losses,  if  any,  and  othe? 

£^pPormir"brt?a^K:??“rthe“en??rf  °?u^r 

tank^^f>  IS  assumed  to  have  a modular  design  so  that  the  fuel 
tanks  can  be  removed  and  replaced  easily.  These  tank«5  win 
be  manifolded  together  in  several  ways^  First  wf  woA^d 

?ecAnA?"  ® "auifcld  to  gather  boil-off  losses 

Secondly,  we  would  envision  a liquid  manifold  for  both 

™tankf  ""^F^nanr"  ?l  P-pellant  to  anS  f?om 

^anxs.  Finally,  there  will  probably  be  an 

tUr  FIT'^  hJS  ^ detailed  thirmal  analysis  of 

analyLs  of  the  performed.  However,  preliminary 

(Reference  fv  II  °“er  sources 

• 4-  • L ] ) indicate  that  wide  diurnal  teroDeratii'rtfi 

onli^to°tL  surface  would  extend  into  the  tent 

^ hhe  extent  of  about  one  foot,  iust  as  thev  do  in  tho 

fJoL  would  be 

at  the  subsurface  temperature  of  240  K. 


3.5 


Hydrogen  Boil-off  Recovery 


general,  cryogenic  liquids  are  stored  at  thpir 
saturation  temperatures  at  relatively  low  pressures  This 
results  in  relatively  low,  cryogenic  storfge  temwAatures 

conditions  is  prohibitive^LcaSK  of  ?he 
increased  storage  pressure  requirements  and  honr^« 
increased  vessel  thickness  and  weight  Therf*fnr-o  "r-r- 

for^^r^  highly  insulated  and  major  design  concerns 

minimization  of  ^ISt  JeaS 
There  are  three  major  sources  of  heat  leaks  f nl-  • ' 

vessels;  through  the  insulation,  through  structural  members^ 
and  through  piping.  Detailed  veLel  design  nnt 

^r^ih^fn  ""rt-  ® word  should  brJaiS  ii  regard 

to  the  insulation  and  structural  design.  Crvoaenic\lttl^Z 

with  two  concent?ic  shelll.  The  spacJ 
tween  the  inner  and  outer  shells  is  filled  with  multilayer 
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insulation  and  is  usually  evacuated.  This  handles  the 
insulation  part  of  the  design.  However,  structural  members 
are  also  present  between  the  shells  to  hold  the 
apart.  Commonly  used  structural  members  are  tension  rods  to 
hold  the  two  shells  in  place.  These  rods  should  be 
strateqically  placed.  They  should  have  high  tensile 
sweng?h  and  low  thermal  conductivity.  , This  is  the  nature 
of  the  structural  design  problem  to  minimize  heat  leaks. 
?L  piping  design  problL  is  similar.  It  could  be  arguec 
thit  *^a  vacuum  jacLt  is  not  needed  for  cryogenic  storage 
vesLls  on  the  moon  since  they  will  already  be  a vacuum 
While  we  eventually  plan  to  produce  oxygen 

materials  and  extraterrestrial  the^^case 

exploited  as  soon  as  possible,  we  must  design  for 
where  these  storage  tanks  will  be  coming  from  ®^^th. 
Therefore,  they  must  withstand  terrestria 

conditions.  Furthermore,  these  . stJesse? 

designed  structurally  to  be  able  to  withstand  the 
of  earth  launch  while  being  fully  or  nearly  fully  loaded.  In 
tMs  section  we  shall  study  the  recovery 

off  with  the  idea  that  if  we  can  recover  hydrogen  boil  off, 
some  of  the  resulting  subsystems  can  be  relatively  easily 
used  to  recover  the  oxygen  boil-off. 

Hydrogen  boil-off  can  be  handled 
ways.  First,  we  could  just  design  to 

or^  hold  it  at  or  below  some  minimum  acceptable  level  and 
live  with  it.  This  boil-off  would  have  to  be  made  up  from 
resupply  just  as  we  will  have  to  do  for  much  of  the 
down  LH2  and  the  inevitable  leaks  in  the  system.  The  boil- 
o?rcan  bninlmized,  of  course,  by  heavier  thermal  d^ign 

i.e.,  better  insulation,  better  structural  design,  better 

designed  piping,  etc.  LH2  boil-off  can  be  minpized  by 
storing  the  hydrogen  as  a slush  at  its  triple 
wLld  ^mean  that  the  heat  of  fusion  would  have  to  be  leaked 
into  the  system  before  heat  of  vaporization  would  result  in 
boil-off.  Other  ways  to  handle  the  boil-off  would  e 
an  active  refrigeration  system  to  condense  and  return  the 
boil-off.  Some  candidate  refrigeration  systems  are:  cascade 
^ipression  refrigeration,  helium  refrigeration,  ^ag>'|tic 
refrigeration,  thermoelectric  refrigeration,  or  some 
combiLtion  of  the  above.  Metal  hydride  storage  of  the 
hydrogen  at  or  near  ambient  conditions  could  also  be 
utilized  in  the  hydrogen  storage  scheme. 

For  a base  case,  the  cascade  refrigeration  system  was 
chosen  for  study.  Cascade  refrigeration  systems  are  among 
Ihf  morl  IherLdynamically  efficient  systems  (Reference 
rsn.  Perhaps  one  of  the  more  exotic  systems  mentioned 

ibove  or  something  entirely  new  will  finally  be  ^jj® 

moon,  but  for  study  purposes,  this  system  ' 

considered  so  as  to  provide  a target  to  ^^”‘P''°Y® 
start  by  storing  hydrogen  at  1 atm  (20  K).  There  is  i 
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compelling  reason  to  use  this  pressure  on  the  moon.  Howeve- 
we  have  a lot  of  terrestrial  experience  designing  for  thU 

thermodynamic  purposes  (e.g.,  the  triple  point  pressure  of  i 
psia)  It  IS  felt  that  use  of  standard  terrestrial  condition*-- 
would  result  in  design  efficiencies.  in  this  casoSSe 
refrigeration,  a number  of  design  guidelines  were  inoocs^rf 
improve  the  reliability  of  the  syltem.  In  IlfIrrSirmadI 
to  keep  refrigerant  pressures  as  low  as  possible.  Even  so 
the  Neon  loop  has  a pressure  of  near  3000  psia.  Compression 

co^s??ainr\h«?'^'^  low  (3  to  6)  This  may  ?urn  ou^^r^be  a 
constraint  that  can  be  relaxed  at  final,  detailed  desian 

.fwever,  in  industrial  practice,'  it  is  Sunflha? 
Poi  results  in  more  reliable  compressor  systems, 

this  base  case  study,  ideal  (isentropic)  compressors  and 

"'’°™  efficiencies  1“*^  “Ilyl  "I 
imposed  at  a more  detailed  design  stage.  A lilimul 
aproaoh  of  3 K or  5 =F  was  aslumed  fo)- 
the  heat  exchangers  in  the  system.  Low  temperature 
pproaches  such  as  these  are  commonly  used  in  cryoqenic 

made  * f 1^0  this  low  temperature  approach  was 

de  for  the  exchangers  which  reject  heat  to  the  240  k lunar 
s^surfaoe.  Here  we  chose  a temperature  approach  of 

K ic:\-r.  k'  heat  from  the  hydrogen  boil-off  at  20 

^he  heat  estimating  the  areas  of 

e-v  exchangers,  we  used  a constant,  overall  heat 

ansfer  coefficient  of  100  BTU/hr/sg  ft/°F  or,  in  the  units 
used  mostly  in  this  study,  2000  kJ/hr/sa  m/K  Refiner^ 
estimates  of  the  heat  transfer  coefficient  would,* of  course 

detailed  stage  of  design.  Finally,  aJ  a 
hacioH"  first  design  a hydrogen  boil-off  recovery  system 

based  upon  a unit  capacity  of  l.o  kg  of  hydrogen  pe^  hour! 

A five  loop  cascade  refrigeration  svstem  h;^<5 

Figure^S®'^  The  recovery.  This  system  is  depicted  in 

1^1  u./  five  refrigerants  are:  hydrogen  at  the  first 

then  neon,  nitrogen,  methane,  and  ethane.  Properties 

Figure  6.  One  aspect  of  these  data  that  should  be  pointed 
out  is  the  relatively  large,  150  °F  gap  between  the  critical 
temperatures  of  neon  and  nitrogen.  Life  would  be  simpler  if 
there  existed  another  refrigerant  with  a c?i?ical 

refrigerants.  '>fhich  to  consider  mixed 

Following  the  overall  flow  diagram  of  the  five  loon 
cascade  refrigeration  system  is  a series  of  five  flow 
h!  individual  loops.  A pressure-enthalpy  (p- 

each  of  the  loops  is  also  presented.  The 
overall  stream  table  is  presented  in  Figure  7. 

The  hydrogen  loop  is  depicted  on  Figure  8 and  its  P-H 
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diagram  is  given  by  Figure  9.  As  mentioned  previously,  the 
gaseous  hydrogen  boil-off  from  the  various  tanks  will  be 
gathered  into  a common  manifold.  From  this  manifold,  the 
hydrogen  vapor  at  1 atm  and  20  K (stream  1)  will  nix  witn 
recycle  hydrogen  vapor  (stream  7)  coming  from  the  hydrogen 
flash  vessel,  VEl,at  the  same  conditions.  The  mixed  stream 
(stream  2)  serves  as  suction  to  the  first  compressor,  CMl. 
The  CMl  discharge  conditions  (stream  3)  are  currently  set  at 
3.9  atm  and  35  K.  These  and  other  interstage  conditions 
could  be  changed  in  a more  final  design.  Second  stage,  CM2, 
discharge  conditions  (stream  4)  are  15  atm  and  61  K.  This 
compressed  hydrogen  stream  is  cooled  to  33  K (stream  5) 
isobarically  and  supercritically  on  the  hot  side  of  the  heat 
exchanger,  HXl,  by  neon  at  30  K on  the  cold  side  on  the  same 
exchanger.  This  stream  then  passes  through  a valve  (JTl) 
where  the  supercritical  hydrogen  experiences  a Joule- 
Thompson  ( isenthalpic ) expansion.  This  results  in  partial 
liquifaction  (about  40  %)  of  the  hydrogen  (stream  6).  The 
two  phase  stream  is  separated  in  an  adiabatic  flash  vessel , 
VEl.  The  resulting  liquid,  recovered  hydrogen  boil-off,  is 
pumped  (stream  8)  to  the  LH2  manifold  to  be  returned  to 
storage  in  on  of  our  LH2  tanks.  The  vapor  is  recycled 
(stream  7)  to  mix  with  additional  hydrogen  boil-off  (stream 
1)  to  begin  the  cycle  over  again. 

Liquid  neon,  saturated  at  2.2  atm  and  30  K,  is  pumped 
(stream  9)  from  the  neon  flash  vessel,  VE2,  to  the  cold  side 
of  HXl.  Cooling  of  the  hydrogen  stream  on  the  hot  side  ol 
this  exchanger  results  in  partial  vaporization  of  the  neon 
(stream  10).  This  vapor  along  with  that  from  the  two  phase 
stream  19  serves  as  suction  (stream  11)  to  a compressor 
train  which  eventually  elevates  the  neon  pressure  to  64.8 
atm  and  117  K.  This  compressed  neon  stream  is  cooled  to  75  K 
isobarically  on  the  hot  side  of  HX2  by  nitrogen  at  72  K on 
the  cold  side  of  this  exchanger.  The  resulting  cooled  neon 
(stream  15)  serves  as  CM6  suction  and  is  compressed  to  200 
atm  and  117  K.  Again,  this  compressed  neon  stream  is  cooled 
to  75  K isobarically  on  the  hot  side  of  HX3  by  nitrogen  at 
72  K on  the  cold  side  of  this  exchanger.  The  resulting 
cooled  neon  stream  (stream  17)  is  fed  to  an  expander,  EXl , 
where  the  neon  expands  isentropically  to  a pressure  of  27 
atm  and  44  K (stream  18)  This  supercritical  stream  passes 
through  a valve,  JT2,  and  experiences  a Joule-Thompson 
(isenthalpic)  expansion  to  2.2  atm  and  30  K.  This  expansion 
valve  produced  partial  liquifaction  (about  10  %)  of  the  neon 
(stream  19).  This  two  phase  stream  is  separated  in  the 
adiabatic  flash  vessel,  VE2,  and  the  cycle  begins  again. 

Liquid  nitrogen  at  0.5  atm  and  72  K from  the  nitrogen 
flash  vessel,  VE3,  is  pumped  (stream  24)  to  a splitter  and 
divided  into  two  streams  which  pass  through  the  cold  sides 
of  the  neon  coolers,  HX2  and  HX3.  The  resulting  partially 
vaporized  nitrogen  streams  are  rejoined  and  returned  (stream 
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the  flash  vessel.  The  vapor  from  this  stream  and 
stream  33  is  separated  and  fed  (stream  26)  to  a nitrogen 
orapressor  train.  Nitrogen  is  compressed  in  several  stages 
(3,  here  to  13.4  atm  and  192  K.  This  compressed  ni-rogen^i- 
^ 128  K on  the  hot  side  of  RKf  ^v 

methane  at  125  K on  the  cold  siae  of  this 
exchanger.  The  resulting  cooled  nitrogen  (stream  3U)  s*=>rve‘' 

a?m  aSd  ivf compressis  tL  nitrogei  t"  To 
^*4.  A^ain,  this  compressed  nitrogen  is  cooled 
isobarically  to  128  K on  the  hot  side  of  HX5  by  satS?at2d 
iquid  methane  at  125  K on  the  cold  side  of  this  exchanger 
IS  supercritical  nitrogen  stream  passes  through  an 
expansion  valve,  JT3,  expands  isenthalpitally  to  oTSm  an^ 
30  partially  liquified 

vessel: 

38  i 2.65  atm  and  125  K is  pumped  (stream 

38)  from  the  methane  flash  vessel,  VE4,  to  a splitter  where 
the  liquid  IS  divided  and  fed  to  the  cold  sides  of 
exchangers  HX4  and  HX5.  Cooling  of  nitrogen  ii  ?hese 
Thes^"^^^^  results  in  partial  vaporization  of  the  methane 
the  rejoined  (stream  39)  and  returned  to 

V^t  vessel.  The  vapor  from  this  stream  and  stream  44 

separated  in  VE4  and  fed  to  the  suction  of  the  methane 

preSu?r''of''^24  eventually  elevates  the  methane  to  a 

pressure  of  24.76  atm  and  a temperature  of  222  K Thi<^ 

compressed  methane  is  condensed  isobarically  at  172  K on  the 

cold  '‘llL  of  ^thane'^at  169  K of  Si 

coia  side  of  this  exchanger.  The  resulting  condensed 

nitrogen  (stream  43)  is  expanded  through  a valve,  jt4 , to 

.65  atm.  This  partially  (about  40  %)  vaporizes'  the 

previously  saturated  liquid  stream.  This  two  phase  mixture 

(stream  44)  passes  to  the  adiabatic  flash  vessel,  VE4  to 
begin  the  cycle  again.  c£>s,ex,  vi,4 , to 

acrv  ethane  at  0.41  atm  and  169  K is  pumped  f stream 

of  HX^  through  the  cold  side 

^ vn  condensing  of  methane  on  the  hot  side 

partially  vaporizes  the  ethane!  This  partially  vaporfzed 

ethane  (stream  46)  returns  to  the  flash  vessel^  where  the 

7st?eam^  4??  that  pom  stream  53,  are  separated  and  fed 

(pream  47)  to  an  ethane  compressor  train.  Compressed 
e hane  at  6.8  atm  and  288  K (stream  49)  is  cooled  to  250  K 

IllfliSf  -'‘^hanger,  LSI,  which  hll  Is  iti 

Old  side,  the  240  K lunar  subsurface.  This  cooled  ethane 

K^?st?Lm°Ll^  fpther  oppressed  (CM15)  to  13.6  atm  and  283 
Ls  compressed  ethane  at  6.8  atm  and 

hfL  ^ (stream  49)  is  cooled  to  250  K in  the  hot  side  of  a 

pat  exchpger,  LS2,  which  has  as  its  cold  side  the  '’40  K 

lunar  subsurface.  The  ethane  is  condensed  t^  sa?u^ated 
pquid  in  this  latter  exchanger  (stream  52)  and  this  liquid 
stream  subsequently  passes  through  an  expansion  valve,  JT5 
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and  expands  isenthalpically  to  0.41  atm  and  169  K.  In  this 
expansion,  the  liquid  stream  is  partially  vaporized  (about 
40  %)  and  the  resulting  two  phase  stream  53  is  sent  to  the 
flash  vessel  to  begin  the  cycle  again. 

An  interesting  equipment  design  problem  for  this  cycle 
will  be  the  heat  exchanger  which  are  to  reject  heat  to  tlie 
lunar  regolith  heat  sink. 

As  mentioned  previously,  the  major  process  results  of  this 
design  are  to  be  found  on  the  Stream  Table,  Figure  7.  A 
preliminary  Equipment  List  is  also  presented.  Again  this 
list  is  very  preliminary  and  based  upon  the  1.0  kg/hr 
hydrogen  boil-off  rate.  Again,  the  compressor  and  expander 
work  terms  are  calculated  on  a 100%  isentropic  efficiency 
basis.  The  heat  exchangers  are  based  upon  the  previously- 
mentioned  overall  heat  transfer  coefficient.  The  vessel 
volumes  were  based  upon  a ten  minute  holding  time  while 
operating  half  full.  These  criteria  are,  of  course,  subject 
to  refinement. 

Another  result  table  is  given  as  a Summary  Table, 
Figure  19.  Here,  for  each  loop,  we  have  listed  the  heat 
rejected  from  this  loop  to  the  next  higher  loop  and 
ultimately  to  the  lunar  regolith.  we  have  also  listed  the 
compression  work  in  kilowatts  and  in  horsepower.  The  flash 
vessel  volumes  are  listed  in  liters  and  gallons.  This  shows 
that  such  a unit  would  not  be  unusually  large. 

While  no  detailed  thermal  analysis  of  the  cryogenic 
propellant  storage  tanks  was  performed,  some  criteria  have 
been  found  (Reference  [4]).  It  has  been  estimated  that 
boil-off  rates  of  0.3  % per  month  for  hydrogen  and  0.1  % per 
month  for  oxygen  are  achievable  by  good  thermal  design.  If 
we  use  the  hydrogen  criterion  for  our  system,  this  turns  out 
to  be  a boil-off  rate  of  about  0.05  kg/hr.  Thus,  the  system 
presented  is  over  designed  by  a factor  of  20.  If  we  allow 
ourselves  only  a 100%  safety  factor,  we  could  reduce  the 
volumes,  areas,  power  requirements,  and  other  capacity 
related  factors  for  our  design  by  a factor  of  ten.  Such  as 
system  would  be  fairly  small.  It  would  be  very  feasible  to 
build  a prototype  of  such  a system. 
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FUTURE  WORK 


6 . 


projects  for  the  1988-89  academic  year  at  FIT 
- , ® discussed.  These  NASA\USRA  sponsored  University 

“ud^nts  “:n!"  eT^rr^tlTnl 

p“lnts“^'Ld  'giLaice?  categories:  cryogenic 

projects'^Ler^^''^^  nientioned  first.  Some  possible 

measure  the  lunar  module's  altitude  and 
vertical  velocity.  A Ku-band  carrier  is  envisioned. 

* based  computing  systems  for  control  of  the  lunar 

con?iJi  cPccations,  including  naWgawS^ 

control  and  systems  test  and  check-out.  ^ ' 

* Microwave  communication  link  for  sensing  and  control. 

ground  based  tracking  system  for  navigation  and 
detection  of  nearby  spacecraft.  avj.yation  ana 

* Multiple  beacons  for  spacecraft  guidance  and  navigation. 

These  proiects  will  be  addressed  primarily  by  the  electrical 
engineering  students.  ^ eiecrricai 

K ^ • projects  in  the  area  of  cryogenic  storaae  and 
can  follow  the  outline  of  this  report.  ^ There 

lunar  theLal  history 
projects  but  these  would  be  given  low  priority.  Perhaos  a 

would  tackle  such  a problem.  '^  SomrS  '^the 
diurnal  thermal  analysis  problems  would  be  of  more  immediate 
engineering  interest.  We  anticipate  projects  iHhirarea  A 
detailed  radiation  heat  transfer  aLlysis  of  thf  vUioui 

Complex  39L  is  a high  priority  project 
aspects  of  the  design  of  cryogenic 

dnnh?o  *^®  pursued.  First,  a design  of^  the 

double  walled  multilayer  insulated  vessel  should  be 

performed.  Next,  a combination  structural  and  thermal 

tickled^  ^5®  ^PP^^^t  members  between  the  two  walls  will  be 
tackled.  This  problem  of  utilizing  a material  with  a hi  oh 

and  low  thermal  conductivity  should  be 
thf»  composite  materials  group.  Finally 

wn 1 analysis  of  the  piping  to  and  from  the  vessel 

^ interest.  More  work  will  be  done  on  the  proposed 
--  cascade  refrigeration  system.  in  addition  it  i*- 

enui^r^tef  P-formed  on  the  otSersysLL^ 

boi?  f prefatory  discussions  of  the  hydrogen 

S storing  the  hydrogen 

as  a slush  at  its  triple  point,  helium  refriaeration 
magnetic  refrigeration,  thermoelectric  refrigeration,  or 
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some  combination  of  the  above.  ^he 

hydrogen  at  or  near  ambient  conditions  could  also  be 

utilized  in  the  hydrogen  storage  scheme. 

This  list  of  possible  projects  is  not  meant  to  be 
exhaustive.  It  is  anticipated  that  faculty  and  students 
will  formulate  other  meaningful  projects  within  the  scope  of 
our  assignment . 

A few  words  should  be  said  about  the  status  of  process 
siLlation  at  KSC.  The  author  is  a specialist  with  many 
vears  of  experience  in  the  use  of  process  simulation 
software.  Nevertheless,  it  was  not  possible  o u i ize 

aspen  on  the  engineering  VAX  in  a timely  manner  on 
cascade  refrigeration  system  studied  herein. 
suggested  that  a new  look  be  given  to  process  simulation 
lof?warf  at  KSC.  A good  strong  software  specification 
should  be  written  with  respect  to  the  technical  features  of 
a possibly  new  software  package  and  also  with 

usability  or  user-friendliness  of  the  package.  Currently, 
the  help  of  the  package  implementor  and  a VAX  systems  perso 
is  required  to  successfully  utilize  ASPEN  as  it  currently 
exists^  on  the  engineering  VAX.  There  exist  other  packages 
with  the  same  or  sufficient  technical  capability  and  that 
can  be  easily  utilized  by  a casual  engineering  user. 
does  not  mean  that  the  current  ASPEN  package  could  not  be 
upgraded  to  this  level.  However,  this  upgrade  should  be 
compared  to  other  packages . 

Finally,  some  possible  RSD  projects 

candidates  for  FIT'S  new  Space  Research  A 

First  given  the  scale  of  lunar  cryogenic  boil-off  recovery 
systems  ^ it  is  proposed  that  KSC  consider  having  someone 
SiS  as'thrabove  Lntloned  SRI  build  a prototype  of  such  a 
system  Terrestrial  operations  as  opposed  to  lunar 

operations  should  not  pose  insurmountable 

a prototype.  This  would  be  a good  way  to  evaluate  designs, 
reliability,  operability,  maintainability,  and 
worthiness  of  such  a system.  Another  possible  project  whic 
the  author  learned  of  this  summer  is  the  kinetics  of  the 
chemical  reaction  between  silver  and  hydrogen  sulfide  gas. 

This  is  currently  a problem  in  the  tCC.  "^^f-et^bed^^to 
division  of  design  engineering  is  working  on  a test  to 

simulate  conditions  in  the  LCC.  It  ®®®™®  kinetics 

scientific  study  of  this  heterogeneous  chemical  kinetics 

problem  would  permit  the  calculation  of  the 
this  problem  for  the  LCC.  It  also  seems  to  be  the  sort  of 
Problef  that  would  be  better  performed  in  a university 
?eSearch  environment  rather  than  the  KSC  ®P®J®tions 
environment.  Lastly,  since  KSC  is  becoming  a center  of 
excell«»nce  in  the  application  of  robotics  to  launch  systems, 
trseem^togLal  to'^Ltend  this  area  of  research  to  complex 

39L. 
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7. 


CLOSURE 


wort  at  KSC  this  summer  In  parti?«a?  Inrt  ^ ® opportunity  to 
in  general.  This  has  been  a veri  nioaf  the  past  year 

ana  inspiring  association  and  it  is^to  ®”^^9htening, 

will  continue  through  the  USRA  nr-i^y^  hoped  that  this 
One  project  which  has  not  yet  been\f.n<-f"^  other  projects. 
IS  the  author's  ^ i^fintioned  in  this  report 

develop  into  a payload  for  the%TS*"^’^sh  *^o 

P^U'ld‘  lxplrt‘?sf^“L‘\°h"e  Ad\\^c%Tr 

Adam,  the  author  is  drJJefSf ?Sr?he"^|*^S?tu=I?y“^o^L 
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Figure  2 Lunar  Lajding  ajK.1  Lauixrli  Facility 
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Figure  3 Conplex  39L  Plot  Plan 


Figure  4 Ccnplex  39L  Vehicle  Assembly  Tent  (VAT) 
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Figure  19 


SUMMARY  TABLE 


T 

REJECTED 
HEAT 
fkJ/hr ) 

Compression 

fkW) 

Work 

jm 

Vessel 

Volume 

(Ij 

LiUUx^ 

Hydrogen 

1767 

0.22 

0.30 

4 

Neon 

10166 

2.8 

3.8 

30 

Nitrogen 

16160 

3.2 

4.3 

100 

Methane 

53600 

5.4 

7.3 

600 

Ethane 

88900 

9.9  _ 

13 . 3 

1600 

29.0 


Neon  Expander:  0.81  kW  or  1.1  hp 
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ABSTRACT 


1 


L : 


•I 


The  formation  of  an  electrically  conducting  form  of  polyaniline 
oy  the  oxidative  polymerization  of  aniline  was  studied.  Optimum 
yield  and  conductivities  were  obtained  by  treating  aniline  in 
2 molar  hydrochloric  acid  at  0 - 5°C  with  ammonium  persulfate  in 
a 1.15  mole  ratio.  The  yield  was  37.6%  of  theory  and  the 
conductivity  of  the  product  was  10.5  S cm“l.  This  material  was 
formulated  into  epoxy  and  acrylic  coatings  which  were  also 
electrically  conductive. 
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1. 


INTRODUCTION 


1.1  BACKGROUND 

The  seacoast  environment  of  the  Kennedy  Space  Center  is 

st'ruc?u  equipment  and 

^ previously  been  established  that  the  most 
satisfactory  protection  was  afforded  by  an  untopcoated, 

+ Utilizes  an  inorganic  silicate  binder 

Unfortunately,  this  coating  does  not  stand  up  to  the  high 

hydrochloric  acid  in  the  effluent  gasLs  from 
Lintena„«  costs!'  9X 

In  the  search  for  an  acid  resistant  protective  coating  some 
consideration  has  been  given  to  electrically  conductive 
polymers.  Although  this  is  a very  new  field,  there  are  several 

Dofvmpr^^in'^^  suggest  a potential  application  of  conductive 
polymers  in  corrosion  control  (1).  (2)  131  Mnct  nf  th-ic  ^ i 

"lmeJaIdinrs^t°"‘^''Hr''^  Pol^aniline  termed  the 

suggest  that  the*3-alkyrthiophenes  mi  ght"'brsuperi  or 

IVlll  ^ofy^e^lJr" 

Despite  the  potentially  improved  properties  of  the 

polythiophenes,  it  was  decided  to  start  the  KSC  conducting 

?eiso!'fo!“?h'?!  polyant  line.  The  principle 

reason  for  this  decision  was  the  ready  availability  of  startinu 

of  !ol!inilf“?®"*'  equipment  for  the  synthesis 

1.2  PRIOR  WORK  - POLYANILINE 

aniline  to  polyaniline  was  first  reported  in 

Is  a teitill  "aniline  black**  and  was  used 

tL  years.  Between  1907  and  1910  Green 

and  Whitehead  (6)  in  England  and  Willstatter  and  Moore  7) 
Germany  studied  the  chemical  structure  of  polyaniline  The 
structure  has  finally  been  elucidated  and  conf??med  bO  an 
independent,  unambiguous  synthesis  in  1987  by  Wendl  et  al  (81 
The  electrical  conductivity  of  certain  members  o?thf  ^ 
po  yaniline  family  were  first  reported  by  a French  groub  in  1967 
(9).  More  recently  MacDiarmid  (10)  has  reinvestigated  the 
onductive  form  of  polyaniline  and  found  potenHll  applications 
cSntrofl'"®’^  ’ energy  density  batteries  and  in  corrosion 
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The  electrical  conductivity  of  polyaniline  is  a function  of  its 
oxidation  and  protonation  states,  the  most  conductive  form  is 
known  as  the  eineraldine  salt  and  exhibits  conductivities  in  the 
metallic  regime  (6  - 10  S cm“^).  It  has  the  structure 


where  y represents  reduced  or  benzenoid  units  and  1-y  represents 
oxidized  or  quinoneimine  units.  A polyaniline  composed  entirely 
of  reduced  units  is  colorless  and  an  insulator;  a polyaniline 
composed  entirely  of  oxidized  units  is  black  in  color,  an 
insulator  and  readily  hydrolyzed.  The  most  conductive  form,  the 
emeraldine  salt  is  blue-green  and  has  equal  numbers  of  the 
reduced  and  oxidized  units  (10).  It  appears  that  the 
conductivity  is  not  related  to  the  molecular  weight  (8),  (11), 
indicating  that  the  dominant  charge  transport  mechanism  is  via 
i ntermol ecu! a r hopping. 

Polyaniline  is  formed  by  the  oxidative  polymerization  of 
aniline.  It  can  be  synthesized  electrochemical ly  on  a platinum 
or  steel  anode,  or  by  various  chemical  oxidizing  agents.  The 
electrochemical  process  yields  a film  on  the  metal.  The 
chemical  oxidation  results  in  a powder  which  can  be  compressed 
into  a pellet  or  incorporated,  with  a binder,  to  form  a cohesive 
coating. 

1.3  OBJECTIVES 

The  basic  objective  of  this  phase  of  the  project  was  to 
synthesize  a conductive  polyaniline,  formulate  it  in  a coating 
and  then  prepare  specimens  for  corrosion  testing.  The  overall 
plan  for  the  project  is  depicted  in  Figure  1. 


2.  EXPERIMENTAL 
2.1  SYNTHESIS 

The  first  task  was  the  development  of  a practical  laboratory 
process.  Table  1 lists  some  of  the  procedures  reported  in  the 
literature  and  in  patents.  Those  procedures  which  gave 
conductive  polyaniline  were  marked  by  extremely  low  yields(less 
than  1 gram  of  product  per  500  ml  of  reactor  space).  The 
initial  lab  work  therefore  was  directed  towards  developing  a 
procedure  which  would  give  a reasonable  amount  of  a conductive 
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FORMULATE 

COATING 


PREPARE 

TEST 

SPECIMENS 


- SALT  SPRAY 

- LONG  TERM  EXPOSURE 


FIGURE  1 PROJECT  PLAN 


material.  The  oxidizing  agents  used  i ncl uded  ammoni um 
persulfate,  hydrogen  peroxide  and  potassium  dichromate.  These 
reactions  were  run  at  0°  to  5°C,  in  dilute  hydrochloric  acid. 

The  insoluble  product  was  filtered,  washed,  dried  to  a constant 
weight  under  vacuum,  and  pulverized  in  a ball  mill. 

2.2  PRODUCT  CHARACTERIZATION 

The  infrared  spectra  of  the  partial ly  oxidized  forms  of  ^ 

polyaniline  are  marked  by  absorption  peaks  at  1598  and  1500  cm 
which  are  attributed  to  the  imine  and  the  amine  groups 
respectively.  This  affords  a qualitative  indication  of  the 
oxidation  state  of  the  polyaniline.  The  atomic  ratio  of  total 
organic  nitrogen  to  ionic  chloride  can  be  used  as  a more 
quantitative  measure  of  the  oxidation  and  protonation  states  of 
the  product.  This  is  based  upon  the  observation  that  in  2M 
hydrochloric  acid  only  the  imine  nitrogens  are  protonated  (10). 

The  powdered  products  were  compressed  into  pellets  and  the 
conductivities  measured  by  the  four  probe  method. 

2.3  FORMULATION  OF  COATlNbb 

To  obtain  a coating  with  maximum  conductivity  itis  necessary  to 
have  the  proper  ratio  of  conducting  pigment  to  binder  This  is 
called  the  "critical  pigment  volume  concentration"  and  is 
defined  as  that  level  of  pigmentation  in  a dry  film  where  just 
sufficient  binder  is  present  to  fill  the  voids  between  the 
pigment  particles.  This  value  is  considered  to  be  a property  of 
the  pigment  and  independent  of  the  binder.  It  can  be  measured 
by  ASTM  1483. 

The  binders  to  be  used  in  this  phase  of  the  project  include  an 
epoxy  cured  with  a polyamide,  an  acrylic  latex,  an  epoxy  cured 
with  a thiol  and  a chlorinated  rubber. 

2.4  CONDUCTIVITY  MEASUREMENTS 

The  conductivity  of  the  various  batches  of  polyaniline  were  made 
by  a 4-probe  Van  der  Pauw  method  on  a compressed  pellet  of 
material.  The  pellets  were  formed  by  compressing  in  a 0.50  inch 
diameter  press  at  37,500  psiy  for  5 minutes  at  room 
temperature.  The  measurements  were  made  on  a Keithley  Model  196 
System  DMM. 

The  conductivity  of  the  cured  formulated  coatings  will  be  made 
by  the  method  described  in  M I L - P-269 1 5A . This  method  consists 
of  spraying  the  coating  on  two  aluminum  foil  electrodes  located 
1/4-inch  apart  on  a flat  glass  plate.  When  dried  and  cured,  the 
resistance  across  the  electrode  gap  is  measured. 
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2.5  CORROSION  STUDIES 


Sample  panels  will  be  prepared  usiny  the  formulated  coatings  and 
evaluated  by  the  salt  spray  (ASTM  B117-85)  and  long  term 
exposure. 


3.  RESULTS  AND  DISCUSSION 

The  results  of  the  synthetic  work  are  presented  in  Table  2.  The 
product  of  Run  19,  where  potassium  dichromate  was  used  on  the 
oxidant  did  not  show  the  infrared  absorption  peaks  that  are 
characteristic  of  the  emeraldine  salt  form  of  polyaniline.  Run 
17,  where  hydrogen  peroxide  was  the  oxidant  gave  the  highest 
yieldof  product  but  the  1 owest  conductivity.  The  re suits  of 
the  five  runs  usiny  ammonium  persulfate  indicate  that  it  is  not 
necessary  to  use  the  very  low  ratios  of  oxidizing  agent  to 
aniline  that  have  been  reported  in  the  literature.  A comparison 
of  Runs  23  and  25  suggest  that  a blanket  of  an  inert  gas  allows 
more  precise  control  of  the  oxidation  state  of  the  product. 

Polyaniline  from  Run  7 was  used  to  estimate  the  critical  pigment 
volume  concentration  with  shell  epoxy  resin  Epon  1001  CX  75  as 
the  vehicle.  An  average  value  of  0.62  grams  of  polyaniline  to 
1.0  gram  of  resin  was  obtained. 

Us’ng  this  value  for  the  critical  pigment  volume  concentration 
paint  formulations  were  prepared  usiny  Shell  chemical 
formulation  SC;  97-76.608  and  Mobile  Paint  Manufacturing  Company 
acrylic  latex,  clear  base  1412-40.  These  coatings  were  painted 
on  glass  slides.  After  curing  both  coating  formulations  were 
very  conductive  but  were  visibly  non-uniform  and  marked  by  holes 
and  voids.  The  actual,  measured  conductivity  values  are 
therefore  not  reported,  since  they  represent  flawed  samples. 

In  order  to  prepare  coatings  which  have  an  optimized,  uniform 
and  reproducible  conductivity  it  will  be  necessary  to  grind  the 
polyaniline  to  a specific  particle  size.  The  measurement  of 
particle  size  microscopically  was  hampered  by  a clumping 
problem.  Particle  sizing  by  sieve  methods  should  be  possible 
when  larger  quantities  of  material  are  available. 

4 . CONCLUSION 

A procedure  is  now  available  for  the  preparation  of  highly 
conductive  polyaniline  in  sufficient  quantities  to  formulate 
coatings  and  prepare  specimens  for  corrosion  testing. 
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TABLE  1 

PREPARATION  OF  CONDUCTIVE  POLYANILINE  LHERATURE  REPORTS 


OXIDIZING 

AGENT 

(NH4)2  S2O8 

MOLE 

OXIDAN' 

THEORY 

RATIO 

T/ANILINE 

ACTUAL 

YIELD, 

% OF  THEORY 

CONDUCTIVITY 
S cm"l 

REFERENCE 

\.2b 

0.23 

(3.6)* 

5 

12 

(NH4)2  S2O8 

1.25 

1.15 

(37.6)* 

12.5 

13 

H2O2 

1.25 

1.29 

(73.0)* 

— 

6 

NaOCl 

1.25 

4.0 

86 

— 

14 

K2Cp207 

0.42 

0.116 

* * 

2 

15 

♦YIELDS  NO^ 

REPORTED 

IN  LITERATURE 

REFERENCE. 

LISTED  YIELDS  ARE 

THOSE 

OBTAINED  IN  THIS  STUDY  UPON  REPEATING  THE  REFERENCED  PROCEDURES. 
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TABLE  2 

LAB  PREPARATIONS  OF  POLYANILINE 


MOLAR  RATIO 

YIELD, 

CONDUCTANCE 

RUN 

OXIDIZING  AGENT 

OXIDANT/ANILINE 

% OF  THEORYI 

S CM-1 

7 

(NH4)2  S2O3 

1.25 

34.3 

2.5 

11 

(^84)2  520(3 

0.23^ 

— 

15 

(NH4)2  S2O8 

0.23 

3.6 

— 

17 

H2O2 

1.29 

72.8 

0.6 

19 

K2C2O7 

0.11 

69. 7^ 

23 

(NH4)2  S2O8 

1.15 

27.5 

6.2 

25 

(NH4)2  S2O8 

1.15^ 

37.6 

10.5 

1.  BASED  ON  ANILINE  CHARGED  TO  REACTION 

2.  THIS  IS  THE  MOLAR  RATIO  USED  BY  MACDIARMID'S  GROUP 

3.  INFRARED  SPECTRA  LACKS  1598, IbOO  CM-1  PEAKS. 

4.  REACTION  IN  NITROGEN  ATMOSPHERE. 
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ABSTRACT 


A Perkin  Elmer  MGA-1200,  turbomolecular-pumped,  magnetic 
sector,  multiple  gas  analyzer  mass  spectrometer  with  modified  inlet 
for  fast  response  was  characterized  for  the  analysis  of  hydrogen, 
helium,  oxygen  and  argon  in  nitrogen  and  helium  background  gases.  This 
instrument  was  specially  modified  for  the  Vanderberg  AFB  SLC-6 
Hydrogen  Disposal  Test  Program,  as  a part  of  the  Hydrogen  Sampling 
System  (H2S2).  Linearity,  precision,  drift,  detection  limits  and 
accuracy  among  other  analytical  parameters  for  each  of  the  background 
gas  were  studied  to  evaluate  the  performance  of  the  instrument.  The 
results  demonstrate  that  H2S2  mass  spectrometer  is  a stable 
instrument  and  can  be  utilized  for  the  quantitative  analytical 
determination  of  hydrogen,  helium,  oxygen  and  argon  in  nitrogen  and 
helium  background  gases. 
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I-  INTRODUCTION 


ch  extensively  in  various  phases  of  the 

hvdron»n  m ®P«“  Center  (KSC).  Presence  of 

ydrogen  (Hg),  even  in  small  amounts  in  unwanted  areas  may  generate 

severe  hazardous  conditions.  In  order  to  avoid  the  accumulation  of 

these  gases,  nitrogen  (Ng)  and  helium  (He)  are  used  as  purge  gases  in 

various  shuttle  compartments  and  in  cryogenic  fuel  lines  respectiveiy 
This  results  in  the  importance  of  monitoring  the  presence  of  hydrogen' 

:s".3.rr ^ ■ - 


involves°?he''®mf  ''  ''’®  '«“"'=hes 

involves  the  monitoring  of  the  hazardous  gases  in  various  purged 

rocated""i'r"the  Mob^  other  analytical  instrumeL, 

ocaled  in  th^e  Mobile  Launch  Pad  (MLP)  are  used  for  the  analysis  of 

pumL  for®!LirK  h ®P®®'™"’®'®''®’  'he  past,  had  diode  ion- 
pumps  for  their  high  vacuum  systems,  and  have  proven  to  be  hiahiv 

reiiable  over  numerous  shuttle  launches  for  the  detection  of  hydrogei 

coufd  "noiT”"  nitrogen  purged  areas.  Heiium  purged  areas 

suited  ,n  'P®""®''®''  hy  these  systems  since  ion-pumps  are  not  well 
suited  to  pumping  with  a nearly  100%  helium  background. 

Recently,  mass  spectrometers  with  turbo-molecular  vacuum 
Dur^d  available  which  are  ideal  for  monitoring  the  helium 

affectl  ^ThT  nobi  ® ®h''antage  that  they  are  not 

Tass  snectrlmpr  ®'  'a^enrolecular-pumped 

ass  spectrometers  are  being  tested  for  use  in  monitoring  heliL  and 

nitrogen  purged  areas  and  the  results  have  been  verv  promiLg 
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The  present  investigation  has  focussed  primarily  on  the 
evaluation  of  a modified  version  of  a Perkin  Elmer’s  magnetic  sector, 
multiple  gas  analyzer  mass  spectrometer  having  a turbo-molecular 
pump  installed  for  its  vacuum  system.  Precisely,  it  involves  the 
evaluation  of  the  instrument  for  the  analysis  of  hydrogen,  oxygen, 
helium  and  argon  in  nitrogen  and  helium  background  gases. 
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II-  MATERIALS  AND  METHODS 


A. 

1-  Mass  Spectrometric  System 

The  mass  spectrometer  used  for  this  work  was  a Perkin 
Elmer's  MGA-1200  Multiple  Gas  Analyzer  (H2S2)  with  a mass 
range  of  2-135  atomic  mass  unit.  The  spectrometer  is  a 
magnetic  sector  type  which  utilizes  a turbo-molecular  pump 
(50  L/sec  capacity)  for  its  vacuum  system,  The  system  was  not 
further  modified  for  this  investigation.  The  MGA  operates  with  a 
pressure  of  50  Torr  at  its  inlet  leak  and  is  equipped  with 
Faraday  detectors  for  intercepting  the  ion  beams.  The  block 
diagram  of  the  MGA  system  is  presented  in  Figure  1.  Figure  2A 
and  2B  respectively  demonstrate  the  flow  diagram  of  the 
sample  delivery  system  and  the  operation  of  the  magnetic 
sector  mass  spectrometer. 

2-  Calibration  Gases 

Matheson  Gas  Products  compressed  gas  cylinders 
containing  mixtures  of  various  gases  of  interest  at  different 
levels  of  concentrations  in  nitrogen  and  helium  were  used  for 
this  study.  Pure  nitrogen,  air  and  helium  gases  were  supplied  by 
KSC. 


B.  Sample  Delivery  System 

The  sample  delivery  system  used  was  a 8-port  rotary  gas 
valve  for  selecting  the  correct  calibration  gas.  Standard  gas 
mixtures  with  nitrogen  and  helium  as  the  background  gases  were 
connected  to  the  rotary  valve  having  an  electronically  controlled 
switch.  The  switch  facilitated  rapid  changes  between  various 
gas  mixtures.  The  outlet  of  the  rotarv  veh";*  'v  i ; connected  to  a 
pre-calibrated  sample  flow  contioll*  > i i m t > ) Him  outlet  of 
the  flow  controller  was  connected  to  the  capillary  of  one  of  the 
inlet  ports  of  the  instrument  via  a digital  calibrated  gas  flow 
meter  (Sierra)  and  a T-connector.  This  T-connector  is  important 
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for  maintaining  the  sample  inlet  capillary  at  the  atmospheric 
pressure.  The  total  length  of  the  tubing  from  the  rotary  outlet  to 
the  inlet  capillary  of  the  spectrometer  was  about  six  feet. 
Standard  gas  bottles  were  connected  to  the  rotary  valve  with  2- 
4 feet  long  tubing.  PVC  tubing  was  used  for  all  the  gas 
transport  lines.  All  the  pressure  regulators  at  the  standard  gas 

bottles  were  operated  at  an  outlet  pressure  of  about  15  Ibs/in^. 
MGA  required  a minimum  of  0.40  SLPM  sample  inlet  flow  for  the 
capillary  having  inner  diameter  of  0.025  inches.  The  flow  was 
optimized  by  monitoring  the  oxygen  channel  reading  of  the  mass 
spectrometer  while  cycling  a standard  gas  mixture  through  the 
system.  Below  this  setting  the  "clean  capillary"  indicator  light 
indicates  that  an  insufficient  amount  of  sample  is  reaching  the 
inlet  capillary.  A higher  flow  rate  of  upto  0.8  SLPM  of  gas  did 
not  affect  the  performance  of  the  instrument.  Unless  otherwise 
specified,  a sample  flow  rate  of  0.48-0.52  SLPM  through  the 
system  was  maintained  for  all  the  analytical  measurements. 
The  gas  flow  requirements  may  vary  according  to  the  diameter 
of  the  capillary  connected  to  the  sample  inlet  port  of  the 
instrument. 

All  the  measurements  were  taken  after  a delay  of  about 
15  seconds  stabilization  time.  This  was  the  time  required  by  the 
mass  spectrometer  to  respond  accurately  to  the  sample  change 
at  the  rotary  valve  at  the  flow  rate  used  for  the  experimental 
work. 


C.  Calibration 


For  its  characterization,  the  mass  spectrometer  was 
calibrated  using  analyzed  gas  mixtures  from  Matheson  Gas 
Products.  The  instrument  was  calibrated  with  a zero  gas  and  a 
standard  gas  mixture  having  known  concentrntions  of  the  gases 
to  be  analyzed  in  their  respective  ii  rjases.  For  the 

analysis  in  nitrogen  background,  il'  > • ii-i'ii  n landard  gas 
mixture  contained: 


H2  - 2.601% 


1J9 


He 

O2 

Ar 


7.006% 

7.007% 

1.001% 

For  the  analysis  in  helium  background,  the  calibration  standard 
gas  mixture  contained; 

H2  - 2.600% 

O2  - 5.003% 

Ar  - 1 .000% 

D.  Linearity  and  Precision  Tests 

The  linearity  and  repeatability  tests  for  the  analyte 
gases  in  nitrogen  and  helium  background  gases  were  performed 
by  analyzing  standard  gas  mixtures  containing  varying 
concentrations  of  the  analyte  gases  in  their  respective 
backgrounds.  The  experimental  setup  procedure  for  the 
determination  of  these  parameters  is  shown  in  Figure  3.  The 
output  of  each  analyte  gas  channel  was  recorded  in  a digital 
form  through  an  external  digital  voltmeter  and  also  on  a 6- 
channel  chart  recorder  as  the  zero  gas  and  the  standard  gas 
mixtures  were  cycled  through  the  rotary  valve. 


E.  Drift  Tests 

Drifts  in  the  output  of  the  various  gas  channels  of  the 
instrument  were  monitored  for  24  hours  by  cycling  standard  gas 
mixtures  in  nitrogen  and  helium  background  gases.  The  setup 
procedure  for  this  study  is  presented  in  Figure  4.  The  standard 
gas  mixtures  used  for  this  study  are  as  follows: 
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1.  Analyte  gases  in  nitrogen  background 


2. 


Analyte 


H2  - 2.598% 

He  - 5.006% 

O2  - 5.122% 

Ar  - 1 .000% 

gases  in  helium  background 

H2  - 7.058% 

02  - 3.297% 

Ar  - 0.999% 


The  instrument  was  calibrated  for  the  appropriate 
background  gas  (N2  or  He)  with  the  standard  mixture  before  the 

start  of  the  test.  Appropriate  zero  gas  kept  flowing  through  the 
system  for  most  of  the  time  except  for  when  the  instrument 
inlet  was  switched  to  the  other  inlet  port  for  analyzing  the 
standard  gas  mixture.  After  recording  the  output  of  the  various 
channels  on  a strip  chart  recorder  and  in  a digital  form  at 
certain  intervals  of  time,  the  inlet  was  switched  back  to  the 
original  zero  gas  inlet  of  the  Instrument. 


F.  Detection  Limits 


The  output  of  H2(0-100%  range),  He(0-100%  range), 
02(0-25%  range)  and  Ar(0-100%  range)  analyte  channels  of  the 
instrument  were  recorded  on  a strip  chart  recorder  preset  in 
milli-volts  ranges  by  using  a fast  scan  speed  (30  cm/min)  for 
30  seconds  when  appropriate  zero  gas  was  flowing  through  the 
system. 

G.  Response  to  a Gas  Pulse 

H2S2  IS  equipped  with  .<  n,..  i tor  a fast 

response  to  detect  a sudden  sample  change  in  the  zero  gas 
flowing  through  the  system.  The  purpose  of  this  test  was  to  see 
how  fast  the  instrument  can  detect  90%  of  the  gas  peak  from 
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the  base  value  when  a gas  pulse  of  one  zero  gas  was  generated 
into  another  zero  gas.  The  response  of  the  instrument  was 
recorded  on  a strip  chart  recorder.  The  setup  procedure  for  this 
test  is  presented  in  Figure  5.  Gas  pulses  of  half  a second  to  one 
second  were  generated  from  one  zero  gas  into  another  zero  gas 
through  a fast-response  Marotta  electric  valve.  An  auto  timer  to 
generate  the  timed  pulses,  and  to  control  the  strip  chart 
recorder  simultaneously  was  constructed  in  the  laboratory. 
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Ill  - RESULTS  AND  DISCUSSIONS 


A.  Linearity  and  Precision  Tests 
A1-  Nitrogen  Background  Gas 

Data  obtained  by  analyzing  a series  of  seven  standard  gas 
mixtures  containing  varying  concentrations  of  analyte  gases  are 
presented  in  Table  1A.  The  experimental  averages  with 
background  correction  are  the  average  of  a set  of  eleven 
consecutive  runs.  The  background  levels  of  various  analyte  gases 
were  obtained  when  pure  nitrogen  was  cycling  through  the 
system.  The  relative  errors  in  the  analytical  results  for  most  of 
the  standards  for  the  analyte  gases  are  in  the  range  of  0.05- 
3.05%  except  for  hydrogen  on  standard  mixture  bottle  numbers  2 
and  6.  No  obvious  explanation  can  be  offered  for  this  deviation 
except  to  question  the  accuracy  of  the  supplied  standard  bottle 
mixtures.  The  linear  curves  obtained  for  the  various  analyte 
gases  are  presented  in  Figures  6A-6E.  The  curves  demonstrate  a 
linear  response  of  the  mass  spectrometer  to  the  concentration 
range  of  the  various  analyte  gases  tested  under  the  conditions 
of  the  experiment. 

Repeatability  test  data  are  presented  in  a graphic  form 
in  Figures  7A-7C.  The  coefficient  of  variation  for  the  eleven 
consecutive  test  runs  is  less  than  2%  for  all  the  analyte  gases. 

The  results  obtained  for  the  detection  limits  of  the  four 
analyte  gases  when  pure  nitrogen  zero  gas  was  cycled  through 
the  system  are  presented  in  Table  1B.  The  detection  limits  for 
the  four  analyte  gases  in  nitrogen  background  gas  taken  as  twice 
the  standard  deviation  are  as  follows. 
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H2  (0-100%  range) 

- 197 

PPM 

O2  (0-25%  range) 

- 26 

PPM 

ORIGINAL  PAGE  IS 
OF  POOR  QUALITY 

He  (0-100%  range) 
Ar  (0-100%  range) 

- 305 

- 27 

PPM 

PPM 

A2-  Helium  Background  Gas 

Table  2A  demonstrates  the  data  obtained  by  analyzing  a 
series  of  standard  gas  mixtures  in  helium  zero  gas.  The 
experimental  averages  with  background  correction  are  again  the 
averages  of  a set  of  eleven  consecutive  runs.  The  background 
levels  of  various  analyte  gases  were  also  obtained  when  pure 
helium  was  cycling  through  the  system.  The  relative  errors  in 
the  analytical  results  for  various  gas  mixtures  for  the  three 
analyte  gases  are  in  the  range  of  0.05-4.03%  except  for  the  two 
standard  mixtures  corresponding  to  bottle  numbers  2 and  5. 
Again  no  explanation  can  be  offered  for  this  discrepancy  except 
suggesting  to  check  the  accuracy  of  these  standard  mixtures  by 
running  fresh  and  reliable  new  standards.  The  linear  curves 
obtained  for  the  various  analyte  gases  are  presented  in  Figures 
8A-8D.  The  curves  demonstrate  a linear  response  of  the  mass 
spectrometer  to  the  concentration  range  of  the  various  analyte 
gases  tested  under  the  prescribed  conditions  of  the  test. 

The  repeatability  test  data  is  presented  in  a graphic 
form  in  Figures  9A  and  9B.  The  coefficient  of  variation  of  the 
eleven  consecutive  test  runs  is  less  than  1%  for  all  the  analyte 
gases  in  helium  background  gas. 

The  results  obtained  for  the  detection  limits  of  the  three 
analyte  gases  when  pure  helium  was  cycled  through  the  system 
are  presented  in  Table  2B.  The  detection  limits  for  the  three 

analyte  gases  taken  as  twice  the  standard  deviation  are  as 

follows: 
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B. 


H2  (0-100%  RANGE) 
O2  (0-25%  RANGE) 
Ar  (0-100%  RANGE) 


qrjginaj-  ?/vGE  is 
109  PPM  OF  POOR 

22  PPM 
15  PPM 


Drift  Study 

B1-  Nitrogen  Background  Gas 


During  the  analysis  of  the  zero  gas  over  a 24-hour  period, 
all  of  the  analyte  channels  demonstrated  a 
their  initial  values  and  fell  between  138  to  300  PPM  except  fo 
argon  which  drifted  about  70  PPM. 


Table  3 demonstrates  the  drift  in  the  analytical  readout 
obtained  for  the  standard  gas  mixture  in  nitrogen  with 
backgrouhd  correction.  The  drift  study  plots  of  the  various 
analyte  gas  channels  are  presented  in  Figures  10A-10C.  Most 
The  'channels  demonstrate  stability  with  small  "t'otuations^ 
about  1%  from  the  initial  value,  except  for  argon  which  deviated 
about  4%  of  the  ihitial  value  in  the  positive  direction. 


i 


B2-  Helium  Background  Gas 

For  the  zero  helium  gas  analysis,  all  the  channels  drihed 
in  the  negative  direction  from  the  start  of  the  experiment.  e 
drift  in  all  the  analyte  gas  channels  fell  in  the  range  of  50  to 

220  PPM. 


Table  4 demonstrates  the  drift  in  the  analytical  readout 
of  the  various  analyte  gas  channels  for  the  standard  gas  mixture 
in  helium  with  background  corrections.  The  data  is  presented  in 
a graphic  form  in  Figures  11 A and  11B.  Hydrogen  channel 
demonstrates  a negative  drift  from  th^  initial  value  while 
oxygen  and  argon  reflect  an  upward  tr^nd  Hvdfoqen  and  oxygen 
channels  drifted  about  2%  and  a.M<-M  , hr.m,.  i i.ifu-d  about  6 o 
from  their  initial  readout. 
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B3-  General 


The  results  obtained  on  the  drift  study  of  the  various 
analyte  gas  channels  of  the  instrument  reflect  that  for  accurate 
and  precise  analytical  results,  periodic  background  corrections 
are  needed  during  the  analysis  of  gases  in  nitrogen  background 
gas.  It  is  especially  important  during  the  analysis  of  the  analyte 
gases  in  helium  background  gas. 

C.  Response  to  a Gas  Pulse 

Tables  5A  and  5B  demonstrate  the  results  obtained  for 
the  time  required  by  the  instrument  to  detect  90%  peak  of  a zero 
gas  from  the  baseline  when  pulses  of  half  to  one  second 
durations  were  genearated  into  another  zero  gas  flowing  through 
the  system.  The  results  demonstrate  that  H2S2  can  detect  90% 
of  the  peak  from  the  baseline,  from  a distance  of  about  six  feet 
from  its  T-capillary  connection,  a half  a second  pulse  of 
nitrogen  zero  gas  into  helium  zero  gas  flowing  at  a rate  of  3-6 
SLPM  in  about  0.6  to  0.7  second  (Table  5A).  For  pulses  of  similar 
durations  of  helium  zero  gas  Into  nitrogen  zero  gas  flowing  at 
the  same  rate,  the  time  was  found  to  be  about  0.4  second  (Table 
5B).  Figure  12  demonstrates  a typical  strip  chart  recording  of 
the  response  time  for  a pulse  of  half  a second  of  nitrogen  zero 
gas  genearated  into  helium  zero  gas  flowing  at  a rate  of  6 SLPM. 
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IV-  CONCLUSIONS 
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1 - The  linearity  data  demonstrate  a linear  response  of  the 
instrument  in  the  concentration  range  tested  for  the  analysis 
of  oxygen,  hydrogen,  helium  and  argon  in  nitrogen  background 
gas,  and  hydrogen,  oxygen  and  argon  in  helium  background  gas. 

2 - Optimum  sample  flow  required  for  the  instrument  is  0.48- 
0.52  SLPM  for  the  sample  inlet  port  capillary  having  inner 
diameter  of  0.025  inch.  Higher  flow  rates  of  upto  0.8  SLPM 
did  not  affect  the  analytical  readout  of  the  instrument.  The 
flow  rate  should  be  optimized  for  the  individual  sample  inlet 
port  capillary. 

3 - The  detection  limits  of  the  multiple  gas  analyzer  mass 
spectrometer  for  the  analysis  of  the  analyte  gases  in 
nitrogen  zero  gas  are:  H2(0-100%  range)-197  PPM,  02(0-25% 
range)-26  PPM,  He(0-100%  range)-305  PPM  and  Ar(0-100% 
range)-27  PPM.  The  detection  limits  in  helium  zero  gas  are. 
H2(0-100%  range)-109  PPM,  02(0-25%  range)-22  PPM  and 
Ar(0-100%  range)-15  PPM. 

4 - The  drift  study  reflects  that  the  analyte  gas  channel  output 
are  much  stable  in  nitrogen  zero  gas  as  compared  to  helium 
zero  gas.  For  accurate  and  precise  analytical  results,  periodic 
background  correction  is  needed  during  the  analysis  of  the 
analyte  gases  in  nitrogen  background  gas.  However,  it  is 
especially  important  during  the  analysis  in  helium 
background  gas. 

5 -Minimum  response  time  required  by  the  instrument  to  detect 
90%  of  a peak  of  nitrogen  zero  pas  from  the  baseline  was 
found  to  be  0 6-0  7 second  wIk-m  ^i.i  o ..f  half  n second 
duration  of  nitrogen  zero  gas  wen  pen'  i.ji-  i mlo  helium  zero 
gas  flowing  at  a rate  of  3-6  SLPM.  For  pulses  of  helium  zero 
gas  of  similar  duration  generated  into  nitrogen  zero  gas 
flowing  at  the  same  rate,  the  response  time  was  found  to  be 
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about  0.4  second. 


6 - The  present  study  on  the  characterization  of  the  Perkin 
Elmer's  MGA-1200,  turbomolecular-pumped,  magnetic 
sector,  multiple  gas  analyzer  mass  spectrometer  (H2S2) 
demonstrates  that  the  instrument  can  be  utilized  for  the 
quantitative  analytical  determination  of  hydrogen,  oxygen, 
helium  and  argon  in  nitrogen  and  helium  background  gases. 


TABLES 
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LINEARITY  AND  PRECISION  STUDY;  STATISTICAL  DATA  OF  GASES  IN  N2  3KG  GAS 
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LINEARITY  AND  PRECISION  STUDY:  STATISTICAL  DATA  OF  GASES  IN  N2  BKG  GAS 
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BACKGROUND  CONCENTRATIONS  IN  M2  FOR  DETECTION  UMIT  DETERMINATION 


B 


02  25% 


Ha 


H2  100% 


Ar 


n-30 


CONC.  PPM 


CONC.PPM 


CONC,  PPM 


CONC.  PPM 


1 0 


1 1 


1 2 


1 3 


1 4 


1 5 


1 6 


31.25 


200.00 


150.00 


25.00 


400.00 


50.00 


25.00 


140.00 


20.00 


18.75 


700.00 


50.00 


43.75 


340.00 


10.00 


25.00 


300.00 


170.00 


25.00 


200.00 


120.00 


25.00 


240.00 


10.00 


50.00 


240.00 


400.00 


37.50 


100.00 


200.00 


260.00 


50.00 


43.75 


240.00 


120.00 


40.00 


30.00 


20.00 


50.00 


30.00 


50.00 


62.00 


20.00 


42.00 


40.00 


8.00 


48.00 


1 7 


2 0 


2 1 


2 2 


2 3 


2 4 


EXP  AVERAGE 


18.75 


300.00 


50.00 


18.75 


600.00 


100.00 


J_2A0_ 

43.75 


220  00 


50.00 


500.00 


250.00 


12.50 


700.00 


170.00 


6.25 


400.00 


200.00 


31 .25 


240.00 


150.00 


■ 27.50 


200.00 


31.25 


120.00 


500.00 


160.00 


50.00 


400.00 


150.00 


31.25 


360.00 


100.00 


480.00 


70.00 


440.00 


200.00 


240.00 


400.00 


18.75 


400.00 


150.00 


10.75 


360.00 


50.00 


25.00 


200.00 


25.00 


300.00 


_3_7 



3 8 

STD  DEV 

( S O.) 

3 9 

i 

4 o' 

CETECT  LIMIT 

( 2 S D.  ) 

28.63 


340.00 


150.00 


150.00 


136.67 


1 2.77 


152.50 


I ’*'25.54 


305  00 


98.73 


40.00 


20.00 


36.00 


20.00 


34.00 

24.00 


30.00 


30.00 


40.00 


30.00 


32.00 


-52^Q0_ 

54.00 


62.00 


26.00 


40.00 

40.00 


20.00 


35.67 


13.2:’ 


197.46 


26.54 


152 


Table  2A 


ORIGI^rAL  PAGE  IS 
OF  POOR  QUALITY 


UNEARITY  AND  PRECISION  STUDY:  STATISTICAL  DATA  OF  GASES  IN  He  BKG  GAS 
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UNEARITY  AND  PRECISION  STUDY;  STATISTICAL  DATA  OF  GASES  IN  He  BKG  GAS 
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DRIFT  STUDY:  READOUT  OF  THE  STD  GAS  MIXTURE  IN  N2  WrTH  BKG  CORRECTIONS 
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LINEARITY  AND  PRECISION 
TEST  SETUP 
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DRin  TEST  SETUP 
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Figure  6B 
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Figure  6E 
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repeatability  : STD  GAS  MIXTURE  iN  N2 
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Figure  8C 
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REPEATABILITY  : STD  GASMIXTURE  IM  He 
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ABSTRACT 


Various  vacuum  jacketed  cryogenic  supply  lines  at  the  Shuttle 
launch  site  use  convoluted  flexible  expansion  joints.  The 
atmosphere  at  the  launch  site  has  a very  high  salt  content, 
and  during  a launch,  fuel  combustion  products  include 
hydrochloric  acid.  This  extremely  corrosive  environment  has 
caused  pitting  corrosion  failure  in  the  flex  hoses,  which 
were  made  out  of  304L  stainless  steel.  A search  was  done  to 
find  a more  corrosion  resistant  replacement  material.  ^his 
study  focused  on  19  metal  alloys.  Tests  which  were  performed 
include  electrochemical  corrosion  testing,  accelerated 
corrosion  testing  in  a salt  fog  chamber,  long  term  exposure 
at  the  beach  corrosion  testing  site,  and  pitting  corrosion 
tests  in  ferric  chloride  solution.  Baaed  on  the  results  of 
these  tests,  the  most  corrosion  resistant  alloys  were  found 
to  be,  in  order,  Hastelloy  C-22,  Inconel  625,  Hastelloy  C- 
276,  Hastelloy  C-4,  and  Inco  Alloy  G-3.  Of  these  top  five 
alloys,  the  Hastelloy  C-22  stands  out  as  being  the  best  ot 
the  alloys  tested,  for  this  application. 
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1.0  INTRODUCTION 


1.1  Flexible  hoses  are  used  in  various  supply  lines  that 
service  the  Orbiter  at  the  launch  pad.  These  convoluted 
flexible  hoses  were  originally  made  out  of  304L  stainless 
steel.  The  extremely  corrosive  environment  of  the  launch 
site  has  caused  pitting  corrosion  in  many  of  these  flex  hose 
lines.  In  the  case  of  vacuum  jacketed  cryogenic  lines, 
failure  of  the  flex  hose  by  pitting  causes  a loss  of  vacuum 
and  subsequent  loss  of  insulation. 

1.2  The  atmosphere  at  the  launch  site  has  a very  high 
chloride  content  caused  by  the  proximity  of  the  ocean. 

During  a launch,  the  products  from  the  fuel  combustion 
reaction  include  concentrated  hydrochloric  acid.  This 
combination  of  chloride  and  acid  leads  to  a very  corrosive 
environment.  This  type  of  environment  causes  severe  pitting 
in  some  of  the  common  stainless  steel  alloys. 

1.3  A search  was  undertaken  to  find  an  alternative  material 
for  the  flex  hoses,  to  reduce  the  problems  associated  with 
pitting  corrosion.  An  experimental  study  was  carried  out  on 
19  candidate  alloys,  including  304L  stainless  steel  for 
comparison.  These  alloys  were  chosen  on  the  basis  of  their 
reported  resistance  to  chloride  environments. 

1.4  Data  is  available  in  the  literature  on  the  corrosion 
resistance  of  several  of  the  alloys  being  considered  in  this 
study.  The  data  generally  is  for  seawater  (1-3),  chloride 
solutions  (3-13),  or  acids  (8,10,12,14,15)  individually. 

Some  information  is  available  on  combinations  of  these 
(8,10,11,13,16),  but  experimental  results  were  not  found  for 
all  of  the  alloys  under  the  specific  conditions  of  the 
environment  of  interest  — NaCl  combined  with  HCl . 

1.5  Tests  to  determine  which  of  the  candidate  alloys  would 
have  the  best  corrosion  resistance  include  electrochemical 
corrosion  testing,  accelerated  corrosion  testing  in  a salt 
fog  chamber,  long  term  exposure  at  the  beach  corrosion 
testing  site,  and  pitting  corrosion  tests  in  ferric  chloride 
solution.  The  results  of  the  electrochemical  testing  and 
preliminary  results  from  the  ferric  chloride  immersion  test 
were  reported  previously  (17,18).  The  electrochemical 
results  are  summarized  here  in  Appendix  A,  for  convenience. 
KSC  personnel  have  been  completing  the  ferric  chloride 
immersion  test  and  carrying  out  the  salt  fog  chamber  and 
beach  exposure  tests  during  the  year  since  last  summer.  This 
report  presents  the  results  of  these  tests  for  all  19  of  the 
candidate  alloys. 
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2.0 


MATERIALS  AND  EQUIPMENT 


2.1  CANDIDATE  ALLOYS 

2.1.1  Nineteen  alloys  were  chosen  for  testing  as  possible 
replacement  material  for  the  304L  stainless  steel  flex  hoses. 
304L  stainless  steel  was  included  for  comparison  purposes. 

The  19  candidate  alloys  and  their  nominal  compositions  are 
shown  in  Table  1.  These  alloys  were  chosen  for  consideration 
based  on  their  reported  resistance  to  corrosion. 

2.1.2  Tn  addition  to  corrosion  resistance,  mechanical 
properties  are  also  important  to  consider  when  selecting  a 
new  material.  Some  physical  and  mechanical  properties  for 
the  candidate  alloys  are  listed  in  Table  2. 


2-2  SALT  FOG  CHAMBER/ACID  DTP 

2.2.1  Accelerated  testing  of  the  candidate  alloys  was 
performed  in  an  .Atlas  Corrosive  Fog  E.xposure  System  Model 
SF-2000.  The  solution  used  was  the  standard  5X  sodium 
chloride  mixture  prepared  .as  needed.  The  dipping  solution 
used  in  the  process  was  a l.ON  (about  9 volX)  hvdrochloric 
acid/alumina  (AI2O3)  mixture.  The  particle  size  of  the 
alumina  was  0.3  micron.  The  solution  was  thoroughly  stirred 

dipping  due  to  the  settling  of  the  alumina  powder. 

2.2.2  Flat  test  specimens  exposed  to  these  solutions  were  1" 
samples  of  the  identified  alloys  and  were  approximately 

1/8  thick.  One  set  of  samples  were  base  metals  with  an 
autogenous  weld  on  one  end  as  identified  in  Table  3.  Another 
set  of  specimens  were  the  candidate  alloys  welded  to  304L 
stainless  steel  for  galvanic  studies  and  are  identified  in 
Table  4.  All  flat  specimens  had  a 3/8"  hole  drilled  in  the 
center  for  mounting  purposes.  Stress  corrosion  cracking 
specimens  were  standard  U~bend  samples  prepared  with  a weld 
in  the  center  of  the  bend,  using  the  same  materials  as  given 
in  Table  3.  The  specimens  were  obtained  commercially  from 
Metal  Samples  Company,  RT . 1,  Box  152,  Munford,  AL. 


2 • 3 BE.ACH  exposure/ACID  spray 

2.3.1  All  exposure  in  this  test  was  carried  out  at  the  KSC 
Beach  Corrosion  Test  Site  which  is  approximately  100  feet 
from  the  high  tide  line.  The  site  is  located  on  the  .Atlantic 
Ocean  approximately  1 mile  south  of  Launch  Complex  39A. 


c 
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2.3.2  The  acid  solution  used  in  the  spray  operation  was  10% 
hydrochloric  acid  by  volume  (about  l.ON)  mixed  with  the  0.3 
micron  alumina  powder  to  form  a slurry.  The  specimens  used 
in  this  testing  were  duplicate  specimens  as  described  in  the 
salt  fog/acid  dip  tests. 


2.4  FERRIC  CHLORIDE  IMMERSION 


2.4.1  Large  glass  beakers  (600  - 1000  ml)  were 
the  test  solution.  Specimens  were  suspended  in 
by  a glass  cradle.  Test  specimens  were  1'  x 2 
as  described  in  the  salt  fog/acid  dip  tests. 


used  to  hold 
the  solution 
flat  samples 


3.0  TEST  PROCEDURES 


3.1  SALT  FOG  CHAMBER/ACID  DIP 


3.1.1  Before  mounting,  the  new  corrosion  specimens  were 
visually  checked  and  weighed  to  the  nearest  0.1  milligram  on 
a properly  calibrated  Mettler  AE160  electronic  balance.  The 
specimens  were  then  mounted  on  insulated  rods  and  set  in  the 
salt  fog  chamber  at  about  15-20  degrees  off  the  vertical. 


3.1.2  The  specimens  were  exposed  to  one  week  (168  hours)  of 
salt  fog  per  ASTM  B117  (19).  The  temperature  of  the  chamber 
was  controlled  at  95»F  (35»C)  + 2»F.  After  the  one  week 
exposure,  the  specimens  were  removed  and  dipped  in  the 
hydrochloric  acid/alumina  mixture  to  simulate  the  booster 
effluent  created  during  launch  of  the  Space  Shuttle.  After 
one  minute  of  immersion,  the  specimens  were  allowed  to  drain 
and  dry  overnight.  Following  this  dipping  procedure, 
samples  were  installed  in  the  salt  fog  chamber  for 
one  week  cycle. 


the 
the  next 


3.1.3  After  a four  week/four  dip  period,  the  specimens  were 
removed  from  the  mounting  rod  and  inspected.  The  inspection 
procedure  included  cleaning,  weighing,  and  visual 
characterization  of  the  corrosion  taking  place.  The  corroded 
specimens  were  first  cleaned  using  a nonabrasive  Pad  and 
soapy  water  to  remove  heavy  deposits  of  alumina.  This  was 
followed  by  chemical  cleaning  per  ASTM  G1  (20)  to  remove 
tightly  adhering  corrosion  products.  After  cleaning,  the 
specimens  were  allowed  to  dry  overnight  before  weighing.  The 
specimens  were  weighed  to  the  nearest  0.1  milligram  on  the 
Mettler  electronic  balance.  The  coupons  were  visually 
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inspected  with  the  naked  eye  and  under  40x  magnification. 

All  observations  were  recorded  in  terms  of  appearance,  sheen, 
pit  severity/density,  and  stress  cracking  phenomena.  After 
the  inspection,  the  specimens  were  remounted  and  returned  to 
the  chamber  for  the  next  four  week/four  dip  cycle  of  testing. 


3.2  BEACH  EXPOSURE /AC ID  SPRAY 

3.2.1  The  beach  exposure  test  procedure  was  based  on  ASTM 
G50  (21),  with  the  addition  of  an  acid  spray.  The  new 
duplicate  specimens  were  first  visually  inspected  and  weighed 
to  the  nearest  0.1  milligram  as  was  stated  before.  The 
coupons  were  mounted  on  short  insulated  rods  that  were 
attached  to  a plexiglas  sheet.  The  orientation  of  the 
specimens  was  face  side  up  and  boldly  exposed  to  the 
environment  to  receive  the  full  extent  of  sun,  rain,  and  sea 
spray.  The  U-bend  specimens  were  mounted  on  36"  long 
insulated  rods  and  secured  with  nylon  tie  wraps.  Both  the 
plexiglas  sheet  and  the  insulated  rods  were  mounted  on  test 
stands  at  the  beach  corrosion  test  site  using  nylon  tie 
wraps.  The  specimens  were  mounted  facing  east  towards  the 
ocean  at  a 45  degree  angle. 

3.2.2  Approximately  every  two  weeks,  the  specimens  received 
an  acid  spray  with  the  solution  described.  The  acid  spray 
thoroughly  wet  the  entire  surface  and  was  allowed  to  remain 
on  the  surface  of  the  specimens  until  it  dried  or  was  rinsed 
off  by  rain. 

3.2.3  After  the  first  exposure  period  of  60  days,  the 
specimens  were  brought  to  the  laboratory  for  inspection.  The 
inspection  procedure  was  the  same  as  that  for  the  salt  fog 
testing.  The  samples  were  remounted  and  returned  to  the 
beach  site  for  continued  exposure  testing. 


3.3  FERRIC  CHLORIDE  IMMERSION 

3.3.1  The  ferric  chloride  immersion  test  procedure  was  based 
on  ASTM  G48,  Method  A (22).  The  test  solution  was  made  by 
dissolving  100  grams  of  reagent  grade  ferric  chloride 
(FeCl3-6HaO)  in  900  ml  of  distilled  water.  The  solution  was 
then  filtered  to  remove  insoluble  particles  and  allowed  to 
cool  to  room  temperature. 

3.3.2  Samples  were  measured  to  calculate  exposed  surface 
area,  cleaned,  rinsed,  and  weighed  before  immersion  in  the 
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test  solution.  Each  sample  was  placed  in  a glass  cradle  and 
lowered  into  the  test  solution.  The  beaker  was  covered  with 
a watch  glass  and  left  for  72  hours. 

3.3.3  After  72  hours,  the  samples  were  removed  and  rinsed 
with  water.  Corrosion  products  were  removed,  and  the  samples 
were  then  dipped  in  acetone  or  alcohol  and  allowed  to  air 
dry.  Each  specimen  was  weighed  and  examined  visually  for 
signs  of  pitting  and  weld  decay.  Specimens  were  also 
examined  at  low  magnification  and  photographed. 

3.3.4  Some  of  the  samples  that  showed  no  sign  of  corrosion 
were  put  back  into  the  test  solution.  These  samples  were 
periodically  inspected  and  re-immersed  for  a total  exposure 
time  of  912  hours. 


4.0  TEST  RESULTS  AND  DISCUSSION 

4.1  SALT  FOG  CHAMBER/ACID  DIP 

4.1.1  After  four  weeks  of  salt  fog  exposure  and  4 dipping 
processes,  the  coupons  were  brought  to  the  laboratory  for 
analysis.  After  the  cleaning  procedure,  the  specimens  were 
weighed  to  determine  weight  loss  caused  by  the  four  week 
exposure.  Using  the  weight  loss  results  and  the  measured  area 
of  the  coupons,  corrosion  rate  calculations  were  made  to 
compare  the  alloys’  resistance  to  the  salt  fog/acid  dip 
environment.  The  formula  used  to  calculate  the  corrosion 

G is 

CORROSION  RATE  (MILS  PER  YEAR)  = 534w 

dAt 

where  w is  the  weight  loss  in  milligrams,  d is  the  metal 
density  in  grams  per  cubic  centimeter  (g/cm* ),  A is  the  area 
of  exposure  in  square  inches  ( in* ) , and  t is  the  exposure 
time  in  hours.  This  expression  calculates  the  uniform 
corrosion  rate  over  the  entire  surface  and  gives  no 
indication  of  the  severity  of  any  localized  attack  (pitting) 
that  could  be  occurring  on  the  surface.  To  determine  the 
severity  of  this  localized  attack,  the  coupons  were  examined 
visually  with  the  naked  eye  and  under  40  power  magnification. 
The  measured  weight  loss,  the  resulting  calculated  corrosion 
rate,  and  the  visual  observations  for  each  of  the  alloys  for 
the  four  week  cycle  are  presented  in  Table  5.  As  can  be  seen 
from  the  table,  several  materials  clearly  separated  from  the 
rest  and  displayed  superior  corrosion  resistance.  These 
materials  included  three  Hastelloy  alloys  (C— 22,  C— 4 , and  C- 
276),  Zirconium  702,  Inconel  625,  and  Inco  Alloy  G-3.  The 
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Inco  Alloy  G-3  marked  the  point  at  which  the  corrosion  rates 
accelerated  rapidly  for  the  many  stainless  steel  alloys 
i^^cluded  in  the  testing*  The  visual  observations  confirmed 
the  corrosion  resistance  of  the  top  alloys  with  no  visual 
deterioration  at  40x.  These  results  were  considered 
important  but  premature,  and  the  specimens  were  returned  to 
the  salt  fog  chamber  for  further  exposure. 

4.1.2  Following  another  four  week  cycle,  the  specimens  were 
brought  to  the  laboratory  for  the  eight  week  analysis.  The 
same  procedures  were  conducted  to  clean,  weigh,  calculate, 
and  observe  the  specimens.  The  eight  week  data  is  shown  in 
Table  6.  As  can  be  seen  from  the  table,  not  much  changed  in 
the  ranking  of  the  alloys,  with  the  top  six  materials  clearly 
superior  to  the  rest.  However,  the  Inco  Alloy  G-3  started 
showing  signs  of  pitting  at  40x,  but  these  pits  were  small. 
The  corrosion  rates  did  not  change  much  since  the 
relationship  between  weight  loss  and  time  should  stay  fairly 
constant.  However,  some  materials  display  a slight  reduction 
in  corrosion  rate,  and  this  is  probably  due  to  a slight 
slowing  of  the  pitting  after  an  initial  accelerated  attack. 

In  comparison  to  the  electrochemical  data  (17),  two  materials 
changed  their  relative  positions  in  the  rankings.  The  cyclic 
polarization  in  1 . ON  HCl/3.55%  NaCl  showed  the  Zirconium  702 
material  to  be  a poor  performer,  but  in  the  salt  fog/acid  dip 
testing,  this  material  displayed  excellent  corrosion 
resistance.  On  the  other  hand,  the  electrochemical  testing 
in  the  1 . ON  HCl/3.55%  NaCl  showed  the  Ferraliuro  255  to 
perform  well,  but  in  the  salt  fog/acid  dip  testing,  this 
material  corroded  rapidly  and  pitted  badly.  The  reasons  for 
this  behavior  are  unclear,  but  continued  testing  confirmed 
this  result. 

4.1.3  Following  another  four  week  cycle,  the  specimens  were 
brought  to  the  laboratory  for  the  12  week  analysis.  The 
results  of  the  12  week  testing  are  shown  in  Table  7.  After 
12  weeks  in  the  salt  fog  chamber  and  12  dips  in  the  acid 
slurry,  a clear  trend  started  to  emerge.  The  corrosion  rates 
were  remaining  fairly  constant  with  a slight  reduction  still 
being  displayed  by  some  materials.  The  alloys  were  settling 
into  their  positions  for  the  ranking  of  corrosion  resistance 
in  this  accelerated  environment.  The  Inco  Alloy  G-3  lost  its 
sheen  and  continued  to  display  pitting  attack  and  some 
deterioration  of  the  weld.  The  observation  of  very  small 
pits  developing  on  the  three  Hastelloy  materials  and  one 
Inconel  material  were  barely  detectable  and  were  considered 
insignificant  since  the  weight  loss  remained  very  low. 

4.1.4  Following  another  four  week  cycle,  the  specimens  were 
brought  to  the  laboratory  for  the  16  week  analysis.  The  16 
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week  data  is  presented  in  Table  8.  As  can  be  seen  from  the 
tablet  several  materials  displayed  increased  attack  and  fell 
lower  in  the  rankings.  Most  notable  were  the  304L,  316L,  and 
317L  stainless  steels.  This  allowed  several  materials  to 
move  up  in  the  rankings,  moat  notably  the  Inconel  600, 

Inconel  825,  and  the  Ferralium  255.  The  visual  observations 
continued  to  be  helpful  in  characterizing  the  alloy  surface 
and  type  of  corrosive  attack.  The  top  materials  did  not 
display  any  increase  in  pitting,  and  the  weight  loss  data 
confirms  this  fact. 

4.1.5  At  the  completion  of  another  four  week  cycle,  the 
specimens  were  brought  to  the  laboratory  for  the  20  week 
analysis.  The  20  week  data  is  presented  in  Table  9.  As  can 
be  seen  from  the  table,  the  materials  generally  remained  in 
their  respective  positions  when  compared  to  the  16  week  data. 
The  304L  stainless  steel  dropped  slightly  in  the  rankings  due 
to  severe  weld  attack.  When  the  corrosion  rate  data  is 
graphed,  as  in  Figure  1,  the  great  differences  in  performance 
can  easily  be  seen.  The  level  of  performance  of  the  top 
alloys  is  much  higher  than  that  of  the  lower  materials.  The 
cutoff  line  between  the  Incoloy  G-3  and  the  Hastelloy  B-2 
shows  a 15  fold  increase  in  the  corrosion  rate.  The 
corrosion  rate  of  304L  stainless  steel  is  approximately  260 
times  higher  than  that  of  Hastelloy  C-22  in  the  salt  fog/acid 
dip  exposure  test. 

4.1.6  In  conjunction  with  the  standard  alloy  coupons, 
specimens  were  tested  in  the  composite  welded  configuration. 
These  specimens  were  produced  by  joining  dissimilar  metals  by 
welding  the  candidate  alloys  to  304L  stainless  steel.  The 
resulting  composite  coupons  were  exposed  to  the  same 
conditions  as  the  standard  specimens  to  determine  any 
undesirable  galvanic  effects  at  the  weld  area.  This  was 
considered  necessary  since  the  successful  new  alloy  would  be 
installed  in  an  existing  304L  stainless  steel  piping  system, 
and  galvanic  corrosion  in  the  weld  area  could  become  a source 
of  system  failure.  The  composite  welded  coupons  were  cleaned 
prior  to  examination  in  the  same  manner  as  described  earlier. 
The  16  week  observations  are  presented  in  Table  10.  As  can 
be  seen  from  the  table,  moat  of  the  specimens  suffered  some 
type  of  weld  decay.  For  the  alloys  under  consideration  from 
a corrosion  resistance  standpoint  (Hastelloy  C-22  and  Inconel 
625),  the  deterioration  was  mostly  on  the  304L  surfaces 
adjacent  to  the  weld.  Since  304L  stainless  steel  is  anodic 
to  these  two  alloys,  this  result  was  expected.  The  304L  is 
corroding  preferentially  and  cathodically  protecting  the  more 
corrosion  resistant  alloy.  Since  the  particular  application 
of  the  corrosion  resistant  alloy  is  to  form  thin  wall 
convolutes  welded  to  a heavy  wall  304L  stainless  steel  pipe. 
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the  galvanic  effect  will  be  minimal.  The  effects  can  be 
further  lessened  by  welding  using  the  corrosion  resistant 
alloy  as  the  weld  filler  and  coating  the  weld  area  with  AR-7 
to  block  any  electrolyte  from  reaching  the  galvanic  couple. 
The  AR-7  material  is  readily  available  from  KSC  stock  and  is 
described  fully  in  KSC-STD-C-OOOIB. 

4.1.7  Further  testing  was  conducted  during  the  study  to 
determine  if  any  of  the  alloys  under  consideration  would  be 
susceptible  to  stress  corrosion  cracking  in  the  Shuttle 
launch  environment.  This  was  considered  important  due  to  the 
forming  operations  used  in  fabricating  flexible  convoluted 
bellows.  The  convolutes  are  severely  deformed  during 
manufacture,  and  high  residual  tensile  stresses  could  be 
present.  This  situation  combined  with  a corrosive 
environment  created  concern  to  properly  define  the  stress 
corrosion  behavior  of  the  candidate  alloys.  For  this 
testing,  standard  U-bend  specimens  were  exposed  to  the  same 
set  of  conditions  as  the  corrosion  coupons.  These  U-bend 
specimens  were  welded  in  the  middle  of  the  bend  to  create  the 
worst  case  condition.  As  of  the  time  of  this  report,  only 
two  of  the  stress  corrosion  specimens  have  failed.  The  304L 
stainless  steel  specimen  cracked  after  eight  weeks  and  eight 
acid  dips.  The  Ferralium  255  specimen  cracked  after  12  weeks 
and  12  acid  dips.  All  other  materials  are  continuing  to 
display  stress  corrosion  cracking  resistance  in  the  salt 
fog/acid  dip  environment. 


4.2  BEACH  EXPOSURE /AC ID  SPRAY 

4.2.1  After  60  days  of  beach  exposure  and  5 sprays  with  the 
acid  slurry,  the  coupons  were  brought  to  the  laboratory  for 
analysis.  After  the  cleaning  procedure,  the  specimens  were 
corrosion  rate  calculations  were  made,  and  visual 
examinations  were  conducted  as  described  for  the  salt 
fog/acid  dip  process.  The  results  of  these  analyses  for  each 
of  the  alloys  for  the  60  day/5  spray  cycle  are  presented  in 
Table  11.  As  can  be  seen  from  the  table,  several  materials 
clearly  separated  from  the  rest  and  displayed  excellent 
corrosion  resistance.  The  Hastelloy  C-22  and  Inconel  625 
showed  no  detectable  weight  loss  while  the  Hastelloy  C-4  and 
C-276  were  on  the  limits  of  measurement.  The  calculated 
corrosion  rates  for  these  materials  are  considered 
insignificant,  and  any  one  should  be  considered  acceptable. 
The  observations  confirmed  the  resistance  of  these  alloys 
with  no  visual  deterioration  at  40x.  These  results  were 
considered  important  but  premature,  and  the  specimens  were 
returned  to  the  beach  for  further  exposure. 
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422  After  251  days  of  beach  exposure  with  13  acid  sprays, 
the ‘specimens  were  brought  to  the  laboratory  for  analysis. 

The  same  procedures  as  before  were  conducted  to  clean,  weigh, 
calculate,  and  observe  the  coupons.  The  251  day  data  is 
shown  in  Table  12.  A graphical  presentation  of  the  corrosion 
rate  data  is  shown  in  Figure  2.  Following  the  251  day 
exposure  cycle,  the  same  four  materials  displayed  excellen 
corrosion  resistance  and  were  clearly  superior  to  the 
remainder  of  the  alloys.  The  same  reduction  in  corrosion 
rate  phenomenon  was  experienced  as  in  the  salt  fog  testing. 
This  is  probably  due  to  a reduction  in  pitting  rates  over 
time  as  explained  previously.  The  corrosion  rates  ^ 

Figure  2 display  the  same  cutoff  as  for  the  salt  fog  , 

except  that  the  increase  in  corrosion  rate  is  not  as 
pronounced.  Between  the  Incoloy  G-3  and  the  Ferralium  255, 
there  is  only  a 5 fold  increase  in  corrosion  rate.  Since  tne 
corrosion  rates  of  Hastelloy  C-22  and  Inconel  625  were  not 
measurable,  no  numerical  comparison  factor  can  be  found  with 
respect  to  the  other  alloys.  However,  these  two  alloys  are 
clearly  superior  to  the  stainless  steel  alloys  in  the  beach 
exposure/acid  spray  testing. 

4.2.3  When  the  beach  results  are  compared  to  the  salt  fog 
results,  many  materials  change  positions  ^ 22 

other.  In  general,  the  materials  at  the  top  < . 
and  Inconel  625)  and  at  the  bottom  (20Cb-3  and  Monel  400)  of 
each  list  remained  in  their  respective  positions.  H°«ever, 
the  standard  stainless  steel  alloys  such  as  304L,  304LN, 

316L,  and  317L  declined  in  relative  performance  ® 

duplex  stainless  alloys  such  as  Ferralium  255  and  ES  2205 
improved  in  the  rankings.  This  was  an  interesting  occurrence 
and  could  be  explained  as  follows.  The  main  difference 
between  the  two  tests  is  oxygen  availability.  While  the 
specimens  are  in  the  salt  fog  chamber,  the  surfaces  are 
continually  wet,  and  this  film  of  water  could  reduce  the 
oxygen  available  to  the  metal  surface.  Since  most  corrosion 
resistant  alloys  depend  on  oxide  films  on  their  surface  for 
protection,  the  suspicion  is  that  the  salt  fog  conditions 
could  be  hindering  the  formation  of  these  protective 
films  on  the  duplex  stainless  steels,  allowing  accelerated 
corrosion  to  take  place.  The  beach  data,  in  contrast  to  the 
salt  fog  data,  supports  the  electrochemical  findings  in 
regard  to  the  Ferralium  255.  The  reasons  for  this  are 
unknown  but  could  be  due  to  the  formation  of  the  protective 

oxide  films. 


4 2.4  For  reasons  stated  earlier,  composite  welded  coupons 
were  tested  in  conjunction  with  the  standard  specimens  to 
determine  any  undesirable  effects  of  the  galvanic  couple. 
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4 . 3 FERRIC  CHLORIDE  IMMERSION 


4.3.1  Results  for  the  samples  with  an  autogenous  weld  are 
summarized  in  Table  14.  Some  samples  showed  no  signs  of 
corrosion.  Others  showed  uniform  corrosion,  pitting 
corrosion,  weld  decay,  or  corrosive  attack  in  the  heat 
affected  zone.  Some  representative  photos,  all  at  2.2x,  are 
shown  in  Figure  3.  Figure  3a,  of  Inconel  625,  shows  no 
corrosion.  The  316L  in  Figure  3b  shows  severe  Pitting 
corrosion.  Hastelloy  B-2,  seen  in  Figure  3c,  suffered  uniform 
corrosion,  and  the  Inconel  825  sample  of  Figure  3d  shows 
severe  pitting  attack  at  the  weld  and  in  the  heat  affected 
zone . 

4.3.2  Results  for  the  samples  welded  to  304L  stainless  steel 
are  given  in  Table  15.  It  was  not  possible  to  obtain  a 
sample  of  Zirconium  702  welded  to  304L;  so  Zirconium  702  does 
not  appear  in  Table  15.  The  effect  of  galvanic  corrosion  can 
be  seen  clearly  by  noticing  that  the  304L  part  of  each  sample 
suffered  severe  pitting  corrosion.  This  can  be  seen  visually 
in  Figure  4.  Some  additional  discussion  of  the  ferric 
chloride  immersion  results  may  be  found  in  reference  18. 


5.0  CONCLUSIONS 

5.1  Several  alloys  were  found  that  have  superior  resistance 
to  pitting  and  crevice  corrosion,  compared  to  the  304L 
stainless  steel  that  was  originally  used  for  construction  of 
convoluted  flexible  joints. 

5.2  Good  agreement  was  found  between  all  4 of  the  corrosion 
tests.  In  particular,  the  cyclic  polarization  technique 
found  to  give  excellent  agreement  with  the  beach  exposure  and 
salt  fog  chamber  results.  So  this  electrochemical  method  may 
be  used  as  a very  quick  way  to  evaluate  alloys  before 
performing  long  term  field  exposure  tests. 

5.3  Using  the  conditions  found  at  the  Space  Shuttle  launch 
site  (high  chloride  content  plus  hydrochloric  acid),  the  most 
resistant  alloys  were  found  to  be,  in  order,  Hastelloy  C-22, 
Inconel  625,  Hastelloy  C-276,  Hastelloy  C-4 , and  Inco  Alloy 

G-3. 

5 4 On  the  basis  of  corrosion  resistance,  combined  with  weld 
and  mechanical  properties,  Hastelloy  C-22  was  determined  to 
be  the  best  material  for  construction  of  flex  hoses  for  use 
at  the  Space  Shuttle  launch  site. 
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MATERIAL  NAME 


CORROSION  RATE  (MLS  PER  YEAR) 


Figure  1 Salt  Fog/Acid  Dip  tlesulta 

After  20  Weeks/20  Acid  Dips 


MATERIAL  NAME 


Figure  2 Beach  Corrosion  Data 

251  Days/13  Acid  Sprays 
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Figure  4 


Ferric  Chloride  Immersion  — Galvanic  Samples 


a)  304L  Welded  to 
Hastelloy  C-276 


< 304L 

Severe  Pitting 


< Hastelloy  C-276 

No  Corrosion 


b)  304L  Welded  to  904L 


< 304L 

Severe  Pitting 


< 904L 

No  Corrosion 
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100 

70 

2K«06 

30  a 

0 

7.52-06 

FDSiaiLII  2SB 

7.75 

130 

100 

312*06 

a a 

0 

6.tf-06 

• Biii<  not  tvailiblt 
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Table  3 Autogenous  Weld  Samples 


•ASS  ALLOT 

riLLEN 

BASE  ALLOY 

FILLEN 

HASTCLLOY  C<4 
NASTCLLOY  C-22 
NASTKLLOY  C-27A 
NASTELLOY  i-2 
INCONEL  000 
INCONEL  029 
XNCONEL  A2S 
INCO  0>3 
NONEL  400 
21NC0N1UH  702 

C-4 

C-22 

C-274 

B-2 

ENNiCr-3 

ENNlCrNo-3 

ENNlFoCr-1 

Naatolloy  03 

CNNlCo-7 

EJIZr2 

SB  304L 
SB  304LN 
88  316L 
SB  317L 
SB  904L 
20  Cb-3 
7Ho  • ■ 

CB  2209 
FEKBALXUH  295 

EN  30BL 
EB  30BL 
EN  316L 
CN  317 
904L 
EN  320 
CN312NO 
EN22. B.  3L 
F 255 

Table  4 Samples  Welded 

to  304L  Stainless  Stee 

Base  allot 

FILLEN 

BASE  ALLOY 

FILLEN 

NASTELLOY  C*4 
NASTELLOY  C-22 
NASTELLOY  C*274 
NASTELLOY  B-2 
INCONEL  600 
INCONEL  629 
INCONEL  029 
INCO  0-3 
NONEL  400 

ERNlCrHo-7 

ENNlCr No-10 

EHNlCrRo-4 

EBNlNo-7 

ENNlCr-3 

CNNlCr-3 

£NNlCr-3 

Haatalloy  03 

ERNlCr>3 

SB  304LN 
BB  31BL 
SB  317L 
SB  904L 
20  Cb-3 
7No  • N 
£S  2209 
FEANALZUN  295 

EN  30BL 
CB  31BL 
CB  317 
CB  904L 
EB  320 
CB312NO 
EN22.  B.  3L 
F 299 

NOTEt  It  not 

Zlrconluo 

poaaibla  to  obtain  a aaapl#  of 
703  valdad  Le  304L  aLalnXaaa  ataal 

Table  5 


Results  of  4 Week  Exposure  in  5X  Salt  Fog 
and  4 Dips  in  1 . ON  HCl  - Alumina 


•TERIflL  '**«  ICT  L£BS(|1  Ct»«.  WTt.WY)  XHMIS  - 3SE!M»r:96  «T  II  n«  «CI 


0.  .007 

noopiiuN  708 

0.  XuO 

^OSTRiOY  c-4 

0.0015 

HASTELLOY  C-27S 

0.X18 

I>C3CL  623 

o.(»ao 

Kaov  G-j 

0.00» 

HA6TEU0V  M 

0.022S 

SS304L 

O.OJOO 

3Sj04LM 

0.0324 

SS3ia 

0.0301 

3S317L 

0.0324 

SSJCMi 

0.03M 

1C3CL  123 

0. 0386 

IMCM.  600 

0.0420 

7%  » N 

0.0465 

FOMRIIN  2B 

0.0476 

IS  2205 

0. 0673 

OG.  400 

0.0853 

20C5-J 

0.0543 

0.0140 

o.oeio 

o.oeio 

0.0J4O 
0.0400 
0. 1210 
0.41» 

o.&aoD 

0.&J20 
0.^ 
0. 6170 
0.7300 

o.acoo 

0.8770 

1.0600 

1.0600 

1.2060 

l.7» 

2.0300 


« Pirr:«  at  ii  - « Pim«  at  40i 
m Pim«»  wia<T  3^  at  11  • « pittinb  at  401 

« Pim«  AT  II  - « Pmi«  AT  401 

MO  Piv:m  AT  11  - nj  P|TTI«  AT  401 

MO  Pini«,  WI9<T  3>CDI  AT  IX  - « PmiMB  AT  401 

MO  Plni«  AT  11  - il»T  Pini«  AT  401 

« PITTI«  AT  n - -IllFQfll  CQAAQSICN  AT  401 

Visitf  Pinif®,  m 9CEN  AT  II  - HQOEAATE  Pim«  AT  40X 

VlSIBLi  Pini«,  « AT  II  - IQOEAATE  PITTIW  AT  401 

VISI8U  PiniHA,  m 9€EN  AT  II  - MQOCAATl  PlUim  AT  401 

Visiai  PiniMS,  AT  II  - MttAATC  PITTTJ®  AT  401 

VlSIfcf  PrTTII%  IQ  sen  AT  II  - NOKAATE  PIITIMI  AT  401 

VISIBi  PiniMA,  « 9C0t  AT  U - PQKAATC  PiniW  AT  401 

m 90  AT  U - fUCAOUS  3MAU.  PITS  AT  40l 

MO  PITTIIQ,  m 9€Bl  AT  II  • ^ a.I9(T  PITTIlQ  AT  4d 

VISI&£  PITTIIQ,  9.10iT  9€Dl  AT  ||  • tAACAGlS  9.iaTT  PITS  AT  401 

MO  Pir:i^  m sem  at  ii  - sot  9.iwt  Pir:«  at  401 

9.IWT  901  AT  II  - 9.I9TT  PiniPQ,  ETOCD  AT  401 

yWT  V1SIR£  COmOSlSl  AT  II  • tU€90S  LARS  PITS,  90K  SEEP  AT  401 
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i-T.  Ti  .C’% 


Table  6 Results  of  8 Week  Exposure  in  5X  Salt  Fog 
and  8 Dips  in  1 . ON  HCl  - Alumina 


tfT  L08S(|1  COM. 

WTKMY) 

tOVmS  - QBSEfMlTICMS  AT  IS  M)  401 

wsmior  c-» 

a 0015 

OlOISO 

m Pimifi,  Mia<T  9cen  nr  ii  - id  pittiic,  m icu  occay  at  aoi 

zncoNun  Toe 

0.0012 

0LO16O 

9K  STAINIia  WlOa  9COf  AT  11  • W PinilS,  « tCLO  KCAY  AT  401 

HRsmm  c-e7t 

0.0021 

a026O 

10  pmi«,  Hion  9CDI  or  11  * 10  pmiM6»  md  am  decat  at  #oi 

l«9a  625 

0.0027 

0.0270 

« PlTTIlfi,  OMWT  9CEN  AT  11  - ND  PinilC,  M)  IGJ)  DECAY  AT  401 

HWTBXOr  C-4 

0.0C25 

0.0200 

m pmi«,  lll9fT  9dM  AT  IX  - « PiniNB,  m IGJ  decay  at  401 

Iicaw  B-3 

0.0071 

Ol0730 

10  Pini«,  9.I6KT  men  at  IX  • NDDEARTE  MlOU  PiniNE,  90C  PiniW  OF  CU>  AT  40X 

HRsrmov  1-2 

0.0420 

0c3820 

m Pim«.  10  KOt  AT  11  - IfUFOAN  OWROSlOi  AlfH  LOCAUZC  AHACR  AT  40X 

9B3MUI 

0.0620 

016090 

VISIU  PmilO,  NO  9CEN  AT  |X  - fUCfOS  PITS,  9DC  LAABE,  « ICL6  DECAY  AT  401 

S63ia 

0.0631 

<L673D 

VISIBi  PITTIlfi,  « MEN  AT  11  - IUCA0U6  MUiU  PITS,  9M  ICU  DECAY  AT  40X 

S3oa 

0.0672 

0.6300 

WSI&i  Pinic  , to  MEN  AT  11  - ^UCIOJS  PITS,  9M  LAA6E,  « IGJ)  DECAY  AT  401 

S690a 

0.0635 

a7280 

VISI&E  PITTI«,  10  MEN  AT  II  • aXCROUS  lAAEE  MIXW  PITS,  PinitC  IF  UELD  AT  401 

9S317L 

0.0693 

0.7520 

vis:a£  Piniio  , m men  at  ii  - iooerpte  pitti«,  90c  igj)  decay  at  4ox 

mne  aes 

0.0054 

0.2330 

VISIU  PinilO,  to  MEN  at  11  - VEfft  IUEA0U5  PITS,  PinilC  OF  kCU)  AT  401 

nCSCL  GOC 

0.0915 

0.9420 

m MEN  AT  11  - miFOM  ATTACX  « MELD  DECAY  AT  40X 

7Hd  ♦ N 

0.0916 

1.035D 

10  Pmi«,  « MEN  AT  11  - lAUFOM  [XWAOSIQM,  PCBCAATE  ICLD  DECAY  AT  401 

Ftmiui  as 

0.0933 

1.0450 

visible  PITTItt,  NO  MEN  AT  11  > LUIFOM  ATTAO  WITN  lUCAQUE  PITS,  PIHItO  OF  tCLS  AT  401 

E5  22S 

0.1206 

1.1500 

VISIRE  Pim«,  « MEN  AT  11  - S.IM  PIHIlfi  MITN  OCVICE  COAAOSlOl,  PinilC  (F  CJ  AIT  401 

200-3 

0.1705 

1.6300 

VlSiaE  P1TTI«,  NO  MEN  AT  IX  - tCAVY  PiniM,  NANV  LANS  PM)  DEEP,  9E\CNE  PinilC  OF  IGJ)  AT  401 

iOG.  400 

OL1300 

1.8750 

10  MIN  AT  11  > iMlfOm  CORUSICK  9CK  PIHIM  OF  iCLD  AT  401 

Table  7 Results  of  12  Week  Exposure  in  5X  Salt  Fog 
and  12  Dips  in  l.ON  HCl  - Alumina 


NATESia  3RM 

«T  1095(9)  COAt. 

AATE'ICIY) 

^CNMKS  • CKEPVOTIQI6  AT  11  AM)  401 

"ilftTELLOY 

u.  jul3 

'j.<jl20 

^ Pin:«,  ^I3fT  MEN  AT  11  - A FEN  SMALL  PITS  AT  40X 

raCONlJI  ^02 

<!.•»(  9 

0.0! » 

Pin:>«,  M194T  MEN  AT  II  - aiOfr  >J«IF0(6I  COAAQSIQN,  « PiTTUC  AT  40X 

:Od  625 

0.  X'23 

0.0130 

« PITT!«,  9iI9<T  MEN  AT  11  ' FEN  ^AV  SfVLL  PITS  AT  401 

■4STBXJY  C-276 

0. 0031 

0.0130 

« PiniM,  3AI9IT  MEN  AT  11  - FBi  ^EAV  9VU.  PITS  AT  401 

-osmot  C-4 

0. 3036 

0,  :230 

NO  PITTI«,  9AI34T  MEN  AT  11  - FEU  PITS  AT  401 

i*caaY  6-3 

0.0060 

0.O550 

SLIdfT  PiniMC  « FCEN  AT  11  - FEN  MU  PITS,  UNIF016I  COAAOSIQN  AT  401 

^TELLOY  K2 

0.0662 

0.4010 

Ml  PITTIli^  « MEN/STA1«D  AT  11  - FEU  PITS,  UUFMI  C0AAC5I9I  AT  401 

3S304UI 

0. 1061 

0.7030 

9H  Pini«,  m MEN,  VISIBU  fUT  AT  11  - MICA0U5  PITS  AT  401 

S304L 

0. 1031 

0."^ 

VISIBU  Pin;«,  « 9€EN  AT  IX  - •OCPQUS  MU  PITS,  3M  LAAGE  AM)  DEEP  AT  40X 

3Sj04L 

0.1034 

0.7410 

VISIBLE  Pin:.«M,  m ^€B^  AT  II  < *U€mS  LAAGE  PITS  AT  401 

ss3ia 

0. 1071 

0.7610 

VISILE  PITTIIC^  M)  MEN  AT  11  ‘ UUGE  SEEP  PITS,  ILIFCW  CCAA05ICM  AT  401 

3S3in. 

0. 1 124 

aao60 

sac  UW6E  PITS,  NO  9€IN  AT  11  - UWS  DEEP  PITS  AT  40X 

:0€L  525 

0.1250 

0.6720 

VISIBU  PITT:«,  M)  men  at  IX  - NUCROUS  LAA6E  PITS,  FAILY  DEEP  AT  401 

FEMALIJI  255 

0.1234 

0.3600 

MJCROUS  PITS,  m MEN  AT  11  - SEVEAL  LAPSE  PITS  AT  401 

WCOCL  600 

0.1417 

0.3730 

Ml  Pim«,  « MEN  AT  11  - ILIFIMI  COPAOSIOl  AT  401 

ES  3209 

0.1326 

1.1470 

VISILE  PinilM,  m StCEN  AT  11  - sac  LAASE  PITS  AT  401 

"Np  ♦ N 

0.1547 

1.16S3 

NO  PITTIM,  Ml  MEN  AT  11  < FEU  LAPSE  DEEP  PITS,  ILIFONA  COAAQSICM  AT  401 

20Cb-3 

0.2430 

1.7420 

lame  visile  PITS,  NO  MEN  AT  11  - vEJfY  PITS,  9EAJC  CQAAOSIOl  AT  401 

NOe.  406 

0l3233 

2.1166 

Ml  PmilC^  m SKEN  AT  11  ' MICAOUS  PITS,  SE\CIC  JllFTMl  CQAAOSIlNi  AT  40X 
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Table  8 Results  of  16  Week  Exposure  in  5%  Salt  Fog 
and  16  Dips  in  l.ON  HCl  -'Alumina 


iPTtVia  UB5t|l  COMt  ' OKEIMMSa  AT  II  Ml 


MSTOiJv  c-a 

O.DOI4 

0.  XM 

i*cie  ^ 

0.0110 

1101-J1  Tce 

D.COIS 

0.0111 

MSTELLOY  C-eTS 

0.CO32 

0.0151 

MSTEUOY  CH 

o.xs 

0.0170 

ItCLOr  9-3 

0.X4S 

0.0M2 

MSTEUiiy  K| 

0.1111 

0.5390 

Fi’Mcrm  23B 

0.13OS 

0.  &3II 

33300. 

0.1S72 

0.S7S1 

irOOL  0 

0.1SM 

0.  Ml9 

3SX4UI 

o.:aii 

0.117S 

2300. 

o.:as4 

0.3573 

o.tsn 

0.99M 

353171 

o.:0 

1. 0011 

B6J1& 

0.1313 

1.(3210 

nM 

O.lM 

l.OSS 

ES  205 

(12309 

1.12a 

^Xb-1 

0.139 

1.0 

lOfl.  Ml 

10 

2.M09 

<C  Pin;«,  SI131T  9€DI  ATII  * SD€  ^lY  SWU.  PITS,  Pfi  DEPOSITS  AT  Ml 

m mi3<t  sicem  at  ii  • Fiu  sues  pits  at  mi 

aiSHT  pm:«,  zm  kem  at  ii  - « pits,  patdcs  of  cdakeioi  at  w 

fo  pinrNi,  Mioa  acEH  at  ii  - sqpc  9ni  pits,  « deposits  at  mi 

« pm:«,  BAiafT  scsi  at  is  - asc  ^ay  awa  pits,  ic  deposits  at  mi 

m Pin:«,  Biiaa  acES  at  ii  - feu  smu.  pits,  « deposits  at  mi 

m Pin!«fi^  DiscaoAATia^  m scdi  at  ii  - shauju  uwgc  pits,  lmifoas  cosaqsioi  at  mi 

VISIBLi  Pmi«,  m S€BI  AT  II  - *u€?as  LAPSE  SMU  PIT^^  H}  XPQ5ITS  AT  Ml 
VISIBLE  Pim*<^  « S€EN  AT  II  - NUCPQU8  UP9E  411  DEEP  PITS  AT  Ml 
*UCiOfi  PITS,  m 9€SI  ATII  - VCIKU  LAASI  40  DEEP  PITS,  «U  DECAY  AT  Ml 
SPAU  PITS,  DISaCAESi  « 90  AT  II  • H3€10B  PITS,  99f  DEPOSITS  AT  MI 

visiai  Pini«,  « 9£ai  or  ii  < pits,  sic  decay  at  mi 

« PITT:>M,  DI3CajAAT13^  m 90  AT  II  - IH1FC4I  CCPPQ6I9I,  9«LL  PITS  AT  Ml 

visiai  Pim«,  m 90  at  ti  < vucm  laps  dm  0 pits  at  mi 

VISI&E  Pim«,  « 90  AT  If  - tICiAU  LAPS  40  DEEP  PITS  » Ml 

Fa  PIT\  01SaUAAT!9|,  M 90  ST  II  - 0 UME  PITS  0 I0T,  iHIFm  GOPASIHI  AT  Ml 

V!5;aE  PTHTM,  DMK  ca«,  M 90  AT  II  - SQPC  LAPSE  40  0 9«U  PITS  AT  MI 

Brr06!sc  Pirrm,  m 90  ir  11  - otemivc  iaps,de9  pits,  m deposits  at  mi 
m piniM^  m 90  «r  11  - tMnmi  copaosio^  Pin  m mx  a OEPosin  at  mi 


Table  9 Results  of  20  Week  Exposure  in  5%  Sait  Fog 
and  20  Dips  in  l.ON  HCl  - Alumina 


MTIXia  0 

«T  l3S(|i  UHL 

MTE.0 

C-i» 

x«^ 

0.X35 

I'OCL  icS 

5.  Xa 

0. 

:;0:  JI  :oe 

0.X2O 

o.::3S 

MSTBJJY  C-27S 

0.0039 

0.01s 

HASTELLflY  C-4 

X00J7 

0.0143 

ICX3V  5-1 

OLOC93 

O.OJU 

Msmjv  M 

0.15%; 

0.5b25 

FEMUrjl  29 

O.I50I 

0. 7031 

SS3O0. 

0.1719 

OLTsa 

:X3Q.  sa 

o.:ssA 

0.777S 

3SX0JI 

o.rso 

0.30 

Q220S 

0.2511 

o.m 

07L 

0.2122 

0.1001 

3S3D0. 

0.22&9 

0.33Z1 

10  ♦ I 

0.2072 

Q.93SS 

iioe.  MO 

0.229 

0.1M5 

353:a 

0.227S 

0.7701 

200] 

0.J7M 

1.EU2 

0.  0 

OLiim 

2.U9 

cmm  - msEASTiM  at  11  40  ms 


m mi»t  90  at  11  • veiy  feu  riirr  pits,  « deposits  at  mi 

« d:TT:M,  9A!34T  90  AT  II  - ^ FEU  3AU  PITS  AT  Ml 

ai9<T  PITTIM,  201  MlOff  90  AT  II  • M PITS,  gUAFAff  C»PC519I  PATDCS  AT  Ml 

« pitt:m,  BAiar  90  at  11  - vcsy  Fa  tiuy  pits  at  mi 

c pittim,  aAiarr  90  at  ix  - feu  veay  9«ll  pits,  m OEPosin  at  mk 

« PiniM,  |AI9fT  90  PT  IX  - SQM  SAlOl  PmiM  PT  Mi 

M Pimi^  OISCXOAAna^  duu  90  at  11  - 9011111  lapse  pit\  imfjh  cqapqsiiii  at  mi 

<UC.VUS  PITS,  « 90  AT  II  > »UCPOUB  9AIJJU  PITTU0  PT  Ml 
vr-:9£  PirriM,  DISCaJAEB^  M 90  at  11  - may  hide  90ia  40  9M1  DEEP  PITS  AT  Ml 
VI3!9£  }£WY  Pin:«,  « 90  AT  II  - 0 0 PITS,  3TVPC  0 ATTPCR  AT  Ml 
Vis:«  3WLI  PITS,  DISaUMI,  m 90  at  II  - NUC0  pits,  0 deep  at  MX 
VlSrXE  PmiM,  M 90  AT  II  - 31C  0IJI  PiniM^  imFim  csimobioi  at  Mi 
VI3:Z£  Pin:M,  discocaeb,  m 90  at  11  - 0 yisc  9AUJH  40  mx  0 pits  at  mi 
VI3IS2  9RL  Pin,  0I9C3JAEB,  M 90  AT  11  * «1Kj«U  P1T%  0 0 J|  0 AT  Ml 
vis.ai  pitt:m  ji  0,  m 90  at  11  - iiccu  pits,  0 0,  0 ahpoi  at  mi 

* Pimii,  10  90  AT  II  • TIAY  PITS,  1010  CQPAOSIA  IT  Ml 

V!S;S-E  fCPWT  PiniM,  DI0OFa,  « 90  AT  II  - 0 MIDI  9MEiai  PM  01  0 Pin  AT  Ml 
VIS:i,E  CTf  ^€0^  Pimi^  M SMBI  AT  It  - ETAEM  PITTII^  0 0 0 M 0 

M Pirm^  1119010^  m 90  m is  - tw  phs  uin  juftmi  cDmoi  m m 
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Table  10 


ORIGINAL  page  IS 
OF  POOR  QUALITY 

Results  of  16  Week  Exposure  in  5%  Salt  Fog 
and  16  Dips  in  l.ON  HCl  ^ Alumina 

Composite  Galvanic  Weld  Specimens 


NITni«.  MM 


IEMMKS  - OKEIMITllK  KT  U W Ml 


sxML  - c-ea 

S30M.  - M 

SJtML  - C-4 

mJML  -c-a 

St3ML  • MMO 


K30«.  • 3ta 
S3ML  • 3ITL 
8630*.  -10* 
9S30*  - l-«0 

9630*  - i-*a 
16)0*  - i-«a 

9630*  -t-3 
9630*  - 200-3 
9630*  - TMoM 
9630*  - m 2^ 
9630*  - F-ZS 


9K  BEDW  » SIBO  6T  II  - UWE  0118  *fl« 

« KW  « 30*  SI«  m II  - »*  8IK  « W 9^ 

nc  Kcw  or  11  - u«  ons  •«  tarn  • 3#* 

w Sd  Kami.  30*  siK  «i  II  - u«  omim 
BTW  MEU»  KEBY  » 30*  9IK  « II  - «-»  KW»  • 

aiMT  KU  «mm  mu-  mai.  «i»  ••  *®c6n9  • «u  « «« 

9K  mow  W 30*  tIK  61  II  - m*t  0IT9  01  Ifil  m Mi 
«K  PITTI*  o itll  - «UI  «•  " *" 

m m ii  ^ 

KU  KDW  » 30*  SIK  BT II  - »*|.  sm  mu  man  «1  *M 

UEU  Pini«  BT  II  - 30*  9IK  »•  WnilO  Bl  Mi 

KLi  PiTTim  Bi  11  - *u  Pint*  m khm  siks  bi  mi 
SM  PITH*  » BT  11  - Pri8  » 6-3  SIK  V .ml  "1  ** 

SK  PlTTl*.  30*  SIB  «UI  KCBY  BT  II  - LflPm  PUS  »•  «»»  » *™  S'®  " 

Sat  Pim«  1*  - ^ * SII 

visiRi  mu)  Pim*  HI  II  - Pinim  «•  ncow  o «mi » ^ 

DB»T  » 30*  SlK  BT  II  - Pini*  aCKESTBBUimW*.  SIDES  BTMI 


Table  11 


Results  of  60  Day 
Site  and  5 Sprays 


Exposure  to  Beach  Corrosion 
with  10  vol%  HCl  - Alumina 


m c3i*L  «TE  im  WWW  - astwrae  «t  ii  m «ox 


C-^2 

f^TELtOt  C-^7% 
HfiStEU-W  C-4 

nac»iii* 

\<JU3i  S-J 
ES  22CS 
fTRIVlIJI  2S 
:c3CL  aa 
7N»  ^ H 
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Table  12 


Results  of  251  Day  Exposure  to  Beach  Corrosion 
Site  and  13  Sprays  with  10  volX  HCl  - Alumina 
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Results  of  251  Day 
Site  and  13  Sprays 


Exposure  to  Beach  Corrosion 
with  10  vol*  HCl  - Alumina 
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Table  14  Ferric  Chloride  Immersion  Results 
Autogenous  Weld  Samples 


ALLOT 

Houirs  xnnENSED 

RESULTS 

HASTELLOY  C‘4 

912 

NO  CORROSION 

HASTCLLOY  C-22 

72 

NO  CORROSION 

MASTCLLOY  C-276 

912 

NO  CORROSION 

HASTCLLOT  l>2 

72 

UNIFORM  CORROSION 

INCONEL  600 

72 

RODCRATC  FITTINO 

INCONEL  625 

912 

NO  CORROSION 

INCONEL  625 

72 

SEVERE  FITTINO  IN 
HEAT  AFFECTED  ZONE 

INCO  0-3 

912 

NO  CORROSION 

NONCL  400 

72 

UNIFORR  CORROSION 

ZXNCONlUn  702 

72 

ROOERATC  FITTINO 

SS  304L 

72 

SEVERE  FITTING 

SS  304LN 

72 

SEVERE  FITTING 

8S  316L 

72 

SEVERE  FITTING 

S8  317L 

72 

HILO  FZTTINO  AND 
HELD  DECAY 

SS  904L 

72 

NO  CORROSION 

20  Cb-3 

72 

SEVERE  FZTTINO  IN 
HEAT  AFFECTED  ZONE 

7No  • N 

72 

WELD  DECAY 

CS  2205 

72 

MELD  DECAY 

FENRALIUH  255 

72 

HO  CORROSION 

Table  15  Ferric  Chloride  Immersion  Results 

Samples  Welded  to  304L  Stainless  Steel 


ALLOY 

observations  on 
Candidate  alloy 

ALLOY 

OBSERVATIONS  ON 
CANDIDATE  ALLOY 

HASTELLOY  C-4 

NO  CORROSION 

SS  304 LN 

SEVERE  FITTING 

HASTELLOY  C‘22 

NO  CORROSION 

SS  316L 

SORE  FITTING 

HASTELLOY  C-276 

NO  CORROSION 

SS  317L 

NO  CORROSION 

HASTELLOY  6-2 

UNIFORH  CORROSION 

SS  904L 

NO  CORROSION 

INCONEL  600 

UNIFORR  CORROSION 

20Cb-  3 

SLIGHT  FITTING 

INCONEL  625 

NO  CORROSION 

7 Ho  « N 

NO  CORROSION 

INCONEL  625 

NO  CORROSION 

ES  2205 

NO  CORROSION 

▼ A 2 - 3 

NONCL  400 

NC  CCRnOClON 
UNIFORR  CORROSION 

FZ2RALZJR 

NC  CORRCSION 

72 

hours. 

In  ••ch 
nuf f »rnd 

cmm^t  th«  304 L portion 

oi 

th#  ••■pXo 
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Table  Al 
ALLOY 


Summary  of  Electrochemical  Results 
3.5K  HiCl  ♦ 0.  IN  ICl  3.5W  NiCl  ♦ l.ON  HCl 


HRSTELLOY  C-4 

HnSTELLOY  C-22 

HASmiOV  C-Z7& 

HRSTaLOY  B-2 
ItCOEL  600 
INCOEL  625 

INCOCL  625 
IMS  &-3 
NOEL  400 
ZIROMIin  702 
95  304L 
SS  304LN 

95  316L 

95  317L 

95  904L 
20  Cb-3 

7No  » N 

ES^ 
FERRALIUH  255 


Stable, Noble  Ecorr 
Very  Sull  tfysteresis  Ar«a 
Excellent  Pittini  Resistance 
Stable,  Noble  Ecorr 
Very  Saall  Hysteresis  Area 
Excellent  Pittinf  Resistance 
Stable, Fairly  Noble  Ecorr 
Very  Sull  Hysteresis  Area 
Excellent  Pitting  Resistance 
9table,Slightly  Active  Ecorr 
Unifore  Corrosion 
Unstable, Fairly  Active  Ecorr 
Unifora  Corrosion  t Pitting 
Stable,  Very  Noble  Ecorr 
9aall  Hysteresis  A^a 
Very  Good  Pitting  Resistance 
Stable,  Noble  Ecorr 
Large  A^,Lom  Pitting  (distance 
Stable, Noble  Ecorr 
Excellent  Pitting  Resistance 
9tablc,Slii||itly  Active  Ecorr 
Uniform  Corrosion 
Stable, Fairly  Active  Ecorr 
Lon  Resistance  To  Pitting 
Fairly  Stable, Active  Ecorr 
Poor  Itesistance  To  Pitting 
Unstable, Active  Ecorr 
Large  Hysteresis  Area 
Poor  Pitting  Resistance 
Fairly  Stable, Slightly  Active  Ecorr 
Large  Hysteresis  Area 
Very  Poor  Pitting  Resistance 
9table,Slightly  Active  Ecorr 
Large  Hysteresis  Area 
Very  Poor  Pitting  Resistance 
Stable,Hoble  Ecorr 
Snn*  Pitting  Resistance 
Fairly  Stable, Slightly  Active  Ecorr 
Extrenely  Poor  Resistance  To  Pitting 
Stable,  Noble  Ecorr 
Noderate  Pitting  and 
Uni  fore  Corrosion 
9table,Noble  Ecorr 
Noderate  Pitting 
StabIe,Noble  Ecorr 
tell  Hysteresis  Area 
Very  Go^  Pitting  Resistance 


Stable, Noble  terr 
tey  tell  Hysteresis  Aea 
Excellent  Pitting  Resistance 
Stable, Noble  Ecorr 
Very  tell  Hysteresis  Ama 
Excellent  Pitting  Resistance 
Stable, Fairly  Noble  Ecorr 
Vbry  tell  l^eresis  Area 
Excellent  Pitting  teistance 


Stable,  Wry  Noble  Ecorr 
Very  tell  Hysteresis  Ama 
Excellent  Pitting  Resistance 


Very  Noble  Ecorr 
Excellent  Pitting  Resistance 


Fairly  Stable,Active  Ecorr 
Uni  fore  Corrosion 


Fairly  Stable, Active  Ecorr 
Poor  Pitting  Resistance 


Stable,Active  Ecorr 
Soae  Pitting  and 
Uniform  Corrosion 
Active,Fairly  ^able  Ecorr 
Seme  Pitting,Uniform  Corrosion 
Stable, Active  Ecorr 
Good  Pitting  Resistance 
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ON  THE  HAZARD  OF  HYDROGEN  EXPLOSIONS  AT 
SPACE  SHUTTLE  LAUNCH  PADS 
by 

John  M.  Russell 
Florida  Institute  of  Technology 


ABSTRACT 

This  report  was  prepared  in  support  of  efforts  to  assess  the  hazard  of  acci- 
dental explosions  of  unburned  hydrogen  at  space  shuttle  launch  pads.  It 
begins  with  a presentation  of  fundamental  detonation  theory  and  a review 
of  relevent  experiments.  A scenario  for  a catastrophic  explosion  at  a KSC 
launch  pad  and  a list  of  necessary  conditions  tontributing  to  it  is  proposed 
with  a view  to  identifying  those  conditions  which,  if  blocked,  would  prevent 
the  catastrophe.  The  balance  of  the  report  is  devoted  to  juxtaposition  of 
reassuring  and  disquieting  facts,  presentation  of  a set  of  recommendations 
for  further  work,  and  listing  of  three  main  conclusions.  One  conclusion  is 
that  ignition  of  hydrogen-air  mixtures  by  weak  ignition  sources  in  unconfined 
geometries  may  ® detonation,  provided  the  effective  flame  area  in 

the  initial  fireball  is  rapidly  increased  by  turbulent  mixing.  Another  conclu- 
sion is  that  detonability  limits  can  be  different  from  and  narrower  than  flam- 
mability limits  only  if  one  restricts  the  rate  of  work  that  can  be  done  on 
a flammable  gas  by  mechanical  agencies  acting  on  its  boundaries. 

Key  words;  Deflagration-to-detonation  transition,  spherical  explosions, 
detonation,  hydrogen-air  explosions,  flame  trench 
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SUMMARY 


The  space  shuttle  main  engines  discharge  hundreds  of  pounds  of  unburned 
hydrogen  into  the  launch  pad  environment  during  shutdown  from  rated  power 
level  during  an  abort  sequence  and  at  the  end  of  a flight  readiness  firing. 
Numerous  personnel  at  KSC  and  elsewhere  have  conducted  a variety  of 
studies  to  determine  whether  this  unburned  hydrogen  exposes  the  fhgnt  or 
launch  hardware  to  the  risk  of  damage  from  accidental  explosions.  Most  of 
these  studies  were  concluded  or  cancelled  in  late  1987.  This  report  is  the 
result  of  a one-man  ten-week  effort  undertaken  in  the  summer  of  1988  by 
a NASA/ASEE  faculty  research  fellow.  The  main  purpose  of  this  effort 
to  make  sense  out  of  the  results  now  in  hand  and  to  indicate  areas  in  which 
future  efforts  might  be  especially  valuable. 


In  pursuing  this  goal,  I found  that  few,  if  any,  of  the  previous  studies 
directed  specifically  to  the  problem  of  unburned  hydrogen  at  space  shuttle 
launch  pads  presented  any  kind  of  primer  on  the  basic  principles  of  mecha- 
nics, thermodynamics,  and  chemistry  that  govern  the  phenomena  of  detona- 
tion in  gases.  After  some  early  discussions  with  my  KSC  contact  (W.  I . Moore 
of  the  Propellents  and  Gases  Branch,  DM-MED-4,  KSC),  we  agreed  that  the 
preparation  of  a document  which  describes  the  basic  ingredients  of  a detona- 
tion, comments  on  the  relevence  of  certain  experiments  on  the  origm  of 
gaseous  explosions  to  the  conditions  at  KSC  launch  pads,  presents  dennitions 
of  all  the  relevent  technical  terms  in  related  areas  of  combustion  and  deto- 
nation theory,  and  assembles  a select  bibiography  would  be  worthwhile. 


This  report  begins  with  a definition  of  the  problem  and  a description  of  the 
kinds  of  boundary  conditions  to  which  flow  in  the  flame  trenches  at  KSC 
shuttle  launch  pads  are  subject.  After  this,  a connected  account  of  the  es- 
sential elements  of  the  theory  of  gaseous  detonations  is  presented.  In  this 
section,  I review  three  older  studies  by  C.l.  Taylor  on  the  theory  of  explo- 
sions with  spherical  symmetry.  As  in  the  elementary  theory  of  gasdynamics, 
much  insight  can  be  gained  by  considering  the  response  of  a gas  to  motion 
of  a piston  in  contact  with  it,  or  to  the  analog  of  a piston  in  three  dimen- 
sions (i.e.  an  expanding  sphere).  If  a shock  wave  is  sent  through  any 
flammable  gas  by  movement  of  a piston  or  expanding  sphere,  then  by  moving 
the  piston  or  expanding  sphere  fast  enough,  one  may  produce  an  arbitrarily 
large  temperature  rise  across  the  shock  and  may  thus  cause  the  shocked 
gas  to  Ignite.  If,  in  addition,  the  motion  of  this  piston  or  expanding  sphere 
is  sustained  for  a long  enough  time  interval,  then  one  can  ensure  complete 
combustion  of  the  shocked  gas.  Such  a zone  of  complete  combustion  following 
a lead  shock  amounts  to  a detonation  wave.  Overpressure  produced  by  such 
detonation  waves  may  easily  reach  tens  of  atmospheres,  which  illustrates  their 
destructive  potential. 


If  a flammable  mixture  of  gases  is  ignited  at  a point  by  a weak  source,  the 
thermal  expansion  of  the  resulting  fireball  may  exert  an  action  on  the  un- 


209 


burned  gas  around  it  similar  to  that  of  the  expanding  sphere  described  above. 
If  the  gas  is  a mixture  of  hydrogen  and  air.  and  if  the  flame  front  produced 
by  weak  ignition  remains  spherical,  then  according  to  results  of  a 1960  study 
by  the  Arthur  D.  Little  Company  the  gas  will  not  detonate.  If,  however, 
the  effective  area  of  the  flame  front  is  abruptly  increased  by  turbulent  mixing 
or  by  other  mechanisms,  then  detonation  may  occur,  as  is  indicated  by  several 
more  recent  experimental  studies. 

After  this  discussion  of  fundamentals,  the  report  proceeds  to  describe  a scen- 
ario for  a catastrophic  explosion  at  a KSC  shuttle  launch  pad  and  the  neces- 
sary conditions  contributing  to  it.  The  idea  is  that  if  a necessary  contributing 
condition  is  blocked  then  the  sequence  of  events  would  be  interrupted  and 
no  catastrophe  would  occur.  After  a discussion  of  this  catastrophe  scenario, 

I juxtapose  various  reassuring  facts  with  disquieting  ones.  The  report  then 
takes  up  the  matter  of  recommentations  and  ends  with  a short  list  of  conclu- 
sions. The  recommendations  are,  first,  to  consider  the  list  of  necessary 
contributing  conditions  for  a catastrophe  discussed  earlier  and  try  to  identify 
those  that  can  be  blocked  most  easily.  The  second  recommendation  is  to 
exploit  (and,  if  necessary,  develop)  simple  models  of  selected  flow  details 
to  inform  one's  thought  on  the  phenomena  most  likely  to  relate  to  these  neces- 
sary conditions. 

There  are  three  conclusions.  In  abbreviated  form,  they  are,  first,  that  deto- 
nations in  unconfined  hydrogen-air  mixtures  can  be  produced  without  blasting 
caps  or  other  high  energy  detonators  provided  there  is  a mechanism  for 
rapidly  increasing  the  effective  flame  area  in  a local  fireball.  Secondly,  deto- 
nability  limits  can  be  different  from,  and  narrower  than,  flammability  limits 
only  if  restrictions  are  imposed  on  the  rate  that  work  can  be  done  on  a flam- 
mable mixture  of  gases  by  adjacent  boundaries.  In  the  absence  of  such  re- 
strictions, all  flammabe  mixtures  are  detonable.  Thirdly,  there  are  realistic 
prospects  for  ruling  out  accidental  detonations  of  hydrogen  at  KSC  shuttle 
launch  pads.  One  promising  approach  is  to  establish  a well-founded  list 
of  necessary  contributing  conditions  for  a catastrophe  and  to  consider, 
through  the  use  of  simple  models  of  selected  flow  details,  the  credibility  or 
lack  of  credibility  of  each  such  condition.  The  results  of  such  an  effort 
would  either  certify  the  safety  of  existing  equipment  and  operating  proce- 
dures or  identify  changes  that  would  lead  to  such  a certification. 
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1.  INTRODUCTION 


The  main  engines  of  the  space  shuttle  orbiter  discharge  hundreds  of  pounds 
of  unburned  hydrogen  into  the  launch  pad  environment  during  some  modes 
of  operation.  Two  such  modes  of  operation  are  engine  shutdown  from  rated 
power  level  in  a flight  readiness  firing  (FRF)  and  an  abort.  Millions  of  dol- 
lars have  been  spent  by  the  U.S.  Air  Force  and  by  NASA  to  assess  the  risk 
of  a catastrophic  accident  resulting  from  explosions  of  this  gas.  Some  of 
these  efforts  will  be  described  in  the  following  sections.  As  of  July  1988, 
however,  no  one  has  demonstrated  that  clouds  of  explosive  gases  near  the 
shuttle  orbiter  either  definitely  do  or  definitely  do  not  constitute  a credible 
hazard. 

In  view  of  the  Importance  of  the  unburned  hydrogen  problem,  W.l.  Moore 
of  the  Propellants  and  Gases  Branch,  Mechanical  Engineering  Division,  Ken- 
nedy Space  Center,  NASA  suggested  to  the  present  author  that  the  prepara- 
tion of  a general  review  of  the  unburned  hydrogen  problem  would  be  a 
worthwhile  project  to  work  on  during  the  author's  NASA/ASEE  Faculty  Sum- 
mer Research  Fellowship.  This  report  is  the  result  of  this  one-man  ten-week 
effort . 

1.1  HISTORY 

According  to  internal  NASA  documents  made  available  to  the  author,  an  acou- 
stic signature  characteristic  of  a gaseous  detonation  was  detected  in  the  ex- 
haust duct  of  a space  shuttle  launch  facility  at  the  Vandenburg  Launch  Site 
in  California  sometime  during  (or  before)  November  1984.  This  event  prompted 
a series  of  studies  involving  Rockwell  International,  Martin  Marietta,  Lock- 
heed Missies  and  Space  Corporation,  and  technical  personnel  at  several  NASA 
and  Air  Force  facilities  (Vandenburg,  Johnson  Space  Flight  Center,  Marshall 
Space  Flight  Center,  the  National  Space  Technology  Laboratories,  Kennedy 
Space  Center,  etc. ) which  resulted  in  the  design  of  a hydrogen  disposal 
system  for  the  exhaust  duct  at  the  Vandenburg  facility  [ cf.  Breit  8 Elliott 
(1987)^1  The  design  featured  a system  to  inject  superheated  water  into  the 
duct.  The  specifications  call  for  a system  in  which  the  superheated  water 
quickly  turns  to  steam  and  is  delivered  in  sufficient  quantities  to  render 
the  gases  in  the  exhaust  duct  inert.  Installation  of  this  system  was  post- 
poned indefinitely  after  the  Challenger  disaster. 

The  questions  raised  during  the  study  of  the  Vandenburg  facility  raised  sim- 
ilar questions  regarding  the  safety  of  the  shuttle  launch  pads  at  the  Kennedy 
Space  Center.  Unlike  the  Vandenburg  facility  (from  which  no  space  shuttles 
have  yet  been  launched)  the  KSC  facilities  have  a distinguished  performance 
record.  In  twenty  five  launches,  six  flight  readiness  firings  and  two  aborts, 
no  alarming  pressure  signatures  have  been  reported  The  confidence  one 
might  derive  from  this  observation  is  tempered,  however,  by  the  results  of 
an  elementary  calculation  due  to  F.  Howard  (1987)*  at  KSC.  He  noted  that 
an  explosion  can  damage  the  shuttle  orbiter  if  it  causes  a shock  wave  to 
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strike  the  orbiter  with  an  overpressure  in  excess  of  1.32  psi.  The  explosive 
yield  of  a spherical  blast  that  produces  this  overpressure  at  the  orbiter  is, 
of  course,  dependent  upon  the  distance  from  the  orbiter  to  the  center  of 
the  blast.  Taking  this  distance  to  be  200  feet  (which  represents  the  distance 
from  the  base  of  the  orbiter  to  the  most  remote  part  of  the  flame  trench  at 
pads  39A  and  39B  at  KSC)  only  six  pounds  of  hydrogen  are  needed  to  fuel 
a blast  that  produces  a damaging  overpressure. 

During  a shutdown  from  rated  power  level,  by  contrast,  the  amount  of  un- 
burned hydrogen  discharged  by  the  space  shuttle  main  engine  (after  all 
hydrogen  burn  off  ignitors  have  ceased  to  burn)  is  on  the  order  of  400 
pounds.  One  may  not,  therefore,  dismiss  the  problem  out  of  hand  on  the 
grounds  that  the  amount  of  unburned  hydrogen  is  too  small  to  do  harm.  At 
this  juncture,  one  should  also  remark  that  the  figure  400  pounds  refers  only 
to  the  unburned  hydrogen  outside  the  space  shuttle  fuel  tank.  If  detonation 
of  that  gas  caused  a breach  of  the  shuttle  fuel  tank,  the  potential  for  harm 
could  be  far  greater. 

Previous  efforts  to  assess  the  hazard  presented  by  unburned  hydrogen  have 
included: 

a.  A statistical  study  of  previous  firings  of  hydrogen-oxygen  rocket 
engines  in  the  U.S.  [Littlefield  (1987)  M.  Among  its  results  was  the 
reassuring  observation  that  only  six  confirmed  detonations  have  taken 
place  out  of  over  16,000  firings. 

b.  Testing  of  a model  of  the  exhaust  duct  at  the  Vandenburg  Launch 
Facility  into  which  exhaust  gases  from  an  Hj-O^  rocket  were  dis- 
charged in  a controlled  fashion.  This  work  was  done  by  the  Lock- 
heed Missies  and  Space  Corporation  in  Santa  Cruz  in  support  of  the 
hydrogen  disposal  system  for  the  Vandenburg  Launch  Site. 

c.  Measurements  of  gas  properties  in  the  exhaust  plume  produced  by 
firing  a full-scale  space  shuttle  main  engine  at  the  National  Space 
Technology  Laboratory  in  Mississippi. 

d.  Numerical  simulation  of  the  exhaust  plume  of  a space  shuttle  main 
engine  in  various  modes  of  operation.  These  calculations  were  per- 
formed by  the  Rocketdyne  Corporation  in  September  and  October 
1986. 

e.  Preparation  to  install  instruments  in  the  flame  trench  at  pad  39B 

at  KSC  to  measure  gas  properties  during  the  flight  readiness  firing 
In  the  summer  of  1988. 

f.  Commissioning  of  a study  by  Bransford  and  Voth  of  the  National  Bu- 
reau of  Standards  to  assess  the  problem  of  unburned  hydrogen  at 
KSC  and  make  recommendations  [cf.  Bransford  & Voth  (1987)^]. 
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q.  Consultation  with  personnel  at  Combustion  and  Explosives  Research 
in  Pittsburgh,  Pennsylvania.  This  effort  resulted  in  a recommenda 
tion  to  install  long-burning  hydrogen  burn-off  ignitors  in  upcoming 
flight  readiness  firings. 

h A study  by  E.E.  Zukoski  at  the  California  Institute  of  Technology 
titled  'Flow  into  the  SSME  exhaust  duct'  (Aerospace  Memorandum 
number  5 . February.  1987)  and  a reply  by  Shelby  Kurzius  (NASA 

MSFC) 

1.2  GUIDING  QUESTIONS 

The  author's  efforts  this  summer  have  been  guided  by  two  questions,  namely 

Q1  Is  there  a set  of  events  common  to  all  credible  scenarios  leading 
to  a catastrophic  explosion  near  the  orbiter?  Such  a set  of  events 
might  include; 

• formation  of  a suitably  large  cloud  of  explosive  gas  suitably  close 
to  the  orbiter 

• initiation  of  a detonation  in  the  cloud 

Q2  Is  either  of  the  above  events  precluded  by  present  hardware  and 
operating  procedures  at  KSC? 

All  other  questions  addressed  in  this  report  are  stimulated  by  the  two  ques- 
tions just  listed. 


1.3  OVERVIEW  OF  THE  REMAINDER  OF  THIS  REPORT 

In  section  3.  I will  discuss  the  boundary  conditions  to  which  fluid  in  the  ex- 
haust plume  of  the  SSME  is  subject.  Discussion  of  the  physical  phenomena 
that  relate  to  gaseous  detonations  in  the  flame  trench  at  KSC  shuttle  launch 
pads  is  not  feasible  without  some  background  in  the  theory  and  observation 
of  detonations.  To  this  end.  section  3 is  devoted  to  an  elementary  discussion 
of  the  physical  principles  that  govern  detonation  phenomena  and  to  a dis- 
cussion  of  some  of  the  most  instructive  examples  from  the  theory  of  spherical 
explosions.  Section  4 is  devoted  to  a discussion  of  detonation  experments. 

In  section  5.  I propose  a scenario  involving  eleven  events  that  lead  to  a cata 
strophic  explosion.  Certain  necessary  conditions  must  contribute  to  these 
events  and  nine  such  conditions  are  listed  in  the  same  section.  In  section 
6.  I juxtapose  various  reassuring  and  disquieting  facts.  Sections  7 and 
8 are  devoted  to  recommendations  and  conclusions,  respectively. 
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2 boundary  conditions  to  which  fluid  in  the  exhaust  plum^ 

” IS  SUBJECT 

2.1  FIXED  BOUNDARIES 

The  fixed  boundaries  to  which  the  exhaust  plume  from  the  SSME  's  subject 
consist  of  the  mobile  launch  platform  (with  its  exhaust  duct),  the  blast  de 
fleeter  the  flame  trench,  and,  in  the  case  of  flight  readiness  firings  and 
on-pad  aborts,  the  placement  of  the  SSME  nozzles.  Figures  1 and  2 illustrate 
these  boundaries  and  their  placement  relative  to  each  other. 

2.2  TIME-DEPENDENT  BOUNDARIES 

The  time-dependent  boundaries  to  which  the  exhaust  plume  is  subject  con^st 
of  the  hydrogen  burn  off  ignitors,  the  sound  supression  water  spray  (SSWS), 
the  time  dependent  flow  rates,  chemistry,  and  thermodynamic  state  of  the 
gases  discharged  by  the  SSME,  and,  in  the  case  of  a launch,  the  placement 
of  the  SSME  exhaust  nozzles.  Plots  of  the  time-dependent  cumulative  dis- 
charge of  unburned  hydrogen  from  the  SSME  during 

are  presented  in  Breit  & Elliott  (1987)i  and  Bransford  & Voth  (1987)  (to 
name^two  sources).  The  case  of  an  on-pad  abort  appears 
greatest  cumulative  discharge  of  unburned  hydrogen.  Bransford  and  Voth 
qive  the  figure  800  pounds  of  total  discharge,  though  this  figure  does  not 
Tale  account  of  the  action  of  the  hydrogen  burn  off  igmtors.  If  one  assumes 
that  all  of  the  Hj  discharged  by  the  SSME  during  the  burn  period  °f  the 
ignitors  is  ignited  and  safely  disposed  of  by  ordinary  burning,  then  the  more 
relevent  figure  for  hazard  assessment  is  the  total  discharge  after  the  ignitors 
are  spent.  The  latter  figure  in  the  case  of  an  on-pad  abort  is  on  the  order 

of  400  pounds. 

None  of  the  studies  I have  encountered  presents  '"el 'able  quantitative 
tion  on  the  state  of  the  gas  beneath  (i.e.  downstream  of)  the  SSWS,  ^^oug 
some  authors  have  stated  conjectures  about  it.  Dr.  E.E.  Zukoski  of  Caltech, 
writing  as  a consultant  to  the  Aerospace  Corporation,  prepared  a document 
titled  'Flow  into  the  SSME  Exhaust  Duct'  , Aerospace  Memorandum  number  5 
Febrary  12  1987,  in  which  he  addresses  this  question.  I have  not  yet 

succeeded  in  obtaining  a copy  of  this  document,  but  I have  read  a review 
of  it  by  Dr.  Shelby  Kurzius  at  MSFC.  According  to  Zukoski  and  Kurzius, 
the  SSWS  discharges  enough  water  so  that,  if  thoroughly  mixed  with  the  ex- 
haust gases  from  the  SSME,  there  will  be  enough  to  extinguish  the  exhaust 
flame  by  cooling.  It  remains  an  open  question  whether  the  exhaust  flame 
is  really  extinguishable  in  practice  and  whether  the  downstream  mixture  of 
gases  and  water  droplets  is  sufficiently  diluted  with  water  vapor  to  render 
it  nonflammable. 
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A - Volume  of  atr-hydrogen  sphere 
to  produce  1.32  psig  at  SO'. 

B - Volume  at  100'. 

C - Volume  at  140'. 

0 - Volume  at  200'. 


Figure  1.  Space  shuttle  on  the  launch  pad,  viewed  in  a direction  perpendi- 
cular to  the  flame  trench  [from  Howard  (1987)']  showing  relative  placements 
of  the  exhaust  nozzles,  exhaust  duct  in  the  mobile  launch  platform,  and  the 
flame  trench.  Also  shown  are  the  results  of  some  of  Howard's  calculations 
described  in  the  text. 
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Figure  2.  Space  shuttle  on  the  launch  pad.  viewed  in  a direction  parallel 
to  the  flame  trench. 
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3.  BACKGROUND  ON  DETONATION  THEORY 


As  was  stated  in  the  Introduction,  one  can  not  discuss  the  specific  issues 
relating  to  the  hazard  of  detonations  at  KSC  shuttle  launch  pads  without 
having  some  working  vocabulary  on  detonation  phenomena-  The  present  sec~ 
tion  furnishes  two  kinds  of  background  that  will  be  useful  to  this  end, 
namely  an  analytical  glossary  of  technical  terms  and  a select  catalog  of  some 
classical  solved  problems  in  gas  dynamic  and  detonation  theory  that  seem 
to  be  particularly  informative.  By  'analytical  glossary',  I mean  a glossary 
of  terms  arranged  in  logical  rather  than  alphabetical  order  starting  with  the 
concepts  that  are  most  fundamental. 

3.1  UNIDIRECTIONAL  PROBLEMS 

3.1.1  INERT  SHOCK  WAVES.  Consider  a fluid  flow  in  which  the  streamlines 
are  parallel  and  the  fluid  speed  does  not  vary  in  the  cross-stream  direction. 
Suppose,  further,  that  the  flow  is  steady.  Let  x be  a spatial  coordinate 
measured  positive  in  the  direction  of  the  fluid  velocity  vector  and  let  u be 
the  component  of  the  fluid  velocity  in  this  direction.  Let  p,  p,  and  e de- 
note the  pressure,  mass  density,  and  specific  internal  energy  of  the  fluid. 

A shock  wave  is  a discontinuity  or  step  change  in  p,  p,  e,  u,  and  other 
quantities  that  separates  two  regions  in  which  these  quantities  are  smoothly 
varying.  The  changes  in  p,  p,  e,  u,  etc.  across  a shock  must  be  compatible 
with  the  basic  laws  of  mechanics  and  thermodynamics  including  the  law  of 
conservation  of  mass,  the  equation  for  the  rate  of  change  of  translational 
momentum,  and  the  equation  for  the  rate  of  change  of  energy.  Let  the  sub- 
scrips 'O'  and  '1'  denote  the  conditions  on  the  upstream  and  the  downstream 
side  of  the  shock,  respectively.  Then  the  three  laws  just  mentioned  may 
be  expressed  in  the  form 
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respectively.  Here,  m denotes  the  rate  of  transport  of  fluid  mass  per  unit 
area  (measured  perpendicular  to  the  streamlines).  The  parameters  in  these 
equations  must  be  compatible  with  the  thermodynamic  equation  of  state  of 
the  substance.  If  the  substance  undergoes  no  chemical  reactions  in  the 
shock  itself,  this  equation  may  be  represented  by 

e = f(p,^) 

on  either  side  of  the  shock.  If  the  substance  is  a thermally  and  calorically 
perfect  gas,  then  we  may  write 
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p 


JL  £ 

p 


Cp  and 


are  the 


In  which  V is  a shorthand  for  the  ratio  Cp/Cv  Here,  L.p  c.v,  - - 

soecific  heats  of  the  substance  at  constant  pressure  and  at  constant  volume, 
respectively.  When  equation  (4)  holds,  equation  (3)  may  be  replaced  by 


_Y_  ^ 
Y"1  Po 


y Pi_ 
^■1  Pi 


(5) 


The  eariest  discussion  of  shock  waves  appears  to  be  due  to  George  Gabriel 
Stokes  [Stokes  (1848)  The  foregoing  equations  are 

names  of  Rankine  [Rankine  (1870)^]  and  Hugomot  [Hugomot  (1887)  ] and 

are  often  called  the  RankJ ne-Hugoniot  shock  conaji  t ions . 

In  a typical  problem  in  shock  wave  propagation,  the  value  of  y is  a 9'ven 
constant.  PAso  given  are  data  specifying  the 

qas  upstream  of  the  shock,  including  the  values  of  Po  and  Po- 
four  unknowns,  namely  (u<,.  p„  pj  whose  values  are  by 

the  three  equations  ( 1 ) , ( 2 ) . and  (6 ) . As  one  might  then  expect  exactly 
one  parameter  is  left  undetermined  by  the  equations  written  so  fa  . 

One  convenient  choice  of  parameter,  in  terms  of  which  the 

of  (1),  (2),  and  (5)  may  be  expressed  is  the  Mach  number  based  on  th 

fluid  speed  uq  and  sound  speed  a,,  upstream  of  the  shock,  i.e. 


M = 


(6) 


in  which 


ao  - y 


Po 

Po 


(7 


The  fractional  changes  in  all  the  relevant  flow  quantities  across  the  shock 
may  then  be  expressed  in  terms  of  M,  e.g. 


£i 

Po 


1 + -^(M^  - 1) 

Y+1 


(8) 


Pi  Uq  (Y+1)M^ 


Po 

as  is  shown  in  all  elementary  books  on 
(1957)®. §2. 13] . One  may  regard  M as 
(stronger  shocks  having  higher  M). 

Now  consider  a plane  which  is  oriented 
downstream  of  it.  Suppose,  moreover. 


(y-I)M^  + 2 

gas  dynamics  [cf.  Liepmann  S Roshko 
a measure  of  the  shock  strength 

parallel  to  the  shock  and  is  situated 
that  this  plane  moves  with  the  fluid. 
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Let  Xp(t)  be  the  time-dependent  position  of  this  plane.  Then  the  action 
exerted  on  the  fluid  in  the  region  where  x > (t)  (i.e.  the  region  con- 

taining the  shock)  by  the  fluid  in  the  region  where  x < Xp(t)  is  indist- 
tinguishabie  from  the  action  of  a rigid  body  such  as  a piston  that  drives 
the  flow.  If  one  imagines  that  the  flow  is  in  fact  driven  by  a piston  and 
that  the  motion  of  this  piston  is  prescribed,  then  a suitable  boundary  condi- 
tion for  the  problem  would  assert  that  the  velocity  of  the  fluid  in  contact 
with  the  piston  equals  the  (prescribed)  velocity  of  the  piston.  Only  when 
such  boundary  data  are  prescribed  can  one  determine  M (or  any  other  mea- 
sure of  the  shock  strength)  uniquely. 

3.1.2  DETONATION  WAVES.  Let  T denote  the  local  instantaneous  absolute 
temperature  in  a gas.  From  the  equation  of  state  of  an  ideal  gas,  i.e. 

P “ ( )pT  . 


it  follows  that 


Po  Po^’o 

Substituting  (8)  and  (9)  to  eliminate  p^/pq  and  p,/Po  . one  obtains  (after 
some  rearrangement) 


Ll  - 

T'o  Pi/Pn 


2(^-1) 
’ (^+1)2 


M? 


(M2-1) 


(10) 


[cf . Liepmann  S Rosko.  equation  2.49].  If  a gas  is  flammable  and  if  a shock 
of  sufficient  strength  passes  through  it,  then  either  the  abrupt  rise  in  tem- 
perature, the  abrupt  rise  in  velocity,  or  both  may  initiate  combustion  of  the 
gas.  A definition  of  combustion  will  be  furnished  in  section  3.1.3  below. 

If  such  a combustion  takes  place  and  is  completed  in  a finite  distance  behind 
the  shock,  then  the  localized  reaction  zone  and  the  shock  that  leads  it  is 
called  a detonation  wave.  Detonation  waves  always  propagate  supersonically 
(i.e.  M > 1)  relative  to  the  fluid  upstream  of  them.  A deflagration  wave. 
by  contrast,  is  a flame  front  that  propagates  subsonically  relative  to  the 
unburned  gas. 


Let  the  subscript  '2'  denote  the  conditions  at  the  downstream  extremity  of 
the  reaction  zone  of  a detonation  wave.  The  flow  quantities  upstream  of 
the  lead  shock  are  related  to  those  at  the  downstream  end  of  the  reaction 


zone  by  a set  of  equations  similar  to 

Po^o 
Po  + PoUq^ 


(1)-(3) 

,,  i.e. 

= 

= m 

(11) 

II 

PjUn  ^ 

(12) 

P7  ^2 

(13) 

- + 

_ + . 

p.  2 
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Here  the  specific  internal  energy  e includes  not  only  the  usual  thermal  part 
(which,  for  a calorically  perfect  gas  equals  c^t)  but  also  a 
If  one  assumes  that  the  fluid  on  either  side  of  the  detonation  is  a thermally 
and  calorically  perfect  gas  and  if  one  denotes  by  g > 0 the  chemical  energy 
per  unit  mass^  that  is  converted  to  thermal  energy  during  the  chemical  reac 

tion  one  may  take 


en  = (cvloro  + ^ 
e-i  - (cv)2r2 


(14) 

(15) 


in  (13).  By  manipulations  similar  to  those  which  led  to  (5)  above,  equation 
(13)  may  be  written 

iil  . (16) 


^0  Po  , . 

+ g + — 


>0-1  P( 


^7  P2 

>2-1  P2 


unknowns  ^ As  was  the  case  with  inert  shocks,  the  family  of  solutions  of 
this  system  will  have  one  free  parameter  and  again  one  [nay  take  this  para 
meter  to  be  the  Mach  number  M = u^/ao  based  on  the  fluid  velocity  and 
sound  speed  upstream  of  the  lead  shock. 

If  one  substitutes  u,  = m/P.  and  u,  = ™./p,  into  (12)  and  (161  to  eliminate 

Urj  and  Uy,  one  obtains 


(A)^  = 


P:-  ■ Po 


JL 

Po 


P2 


and 


( m) 


Po 


P 2 


q - 


>i_  — 
Y 2 - 1 P 2 


Yo  Po 


Yo‘l  Po 


(17) 


(18) 


after  some  rearrangement.  If  one  factors  the  expression  ( p„  ' - P?„') 

(18)  and  eliminates^  (m)^  by  means  of  (17),  one  obtains,  after  simplification. 


|[P2  - Po]  [■ 


Po 


p'. 


*^2  P2 


Q - 


P: 


>0  Po 
^ 0 ” ^ P 0 
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which  involves  only  two  of  the  four  unknowns,  namely  p,  and  Pj  . A Hugo- 
mot  curve  is  a graph  of  (191  with  p,  as  ‘^e  ordinate  and  ,/p  as  the 
abscissa.  This  curve  is  a hyperbola  [ ct . Strehlow  (1968)  , §5  4). 

Now  the  speed  of  sound  ag  in  the  unburned  gas  is  given  by  ao'  = YoPo/Po- 
It  follows  that 

(A)^  = (PoU,)'  = (Po^oM)'  = Po^o  ^ = YoPoPoM' 
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Thus,  (17)  can  be  written 


-J = YoPoPoM^  . (20) 

P n P ? 

If  Po'  Po'  Yu'  M are  all  specified,  then  a graph  of  (20)  (with  pj  as 
the  ordinate  and  1/pj  as  the  abscissa)  is  a straight  line  called  the  Rayleigh 
line. 

If  a detonation  wave  is  to  exist,  there  must  be  at  least  one  intersection  be- 
tween the  Rayleigh  line  and  the  Hugoniot  curve.  Depending  on  the  strength 
of  the  lead  shock  (as  characterized  by  the  parameter  M),  there  may  be  no 
intersection,  one  intersection,  or  two  intersections  of  the  Rayleigh  line  with 
the  Hugoniot  curve. 

I have  already  remarked  that  the  strength  of  the  lead  shock  (as  characterized 
by  the  value  of  M)  can  be  determined  uniquely  only  If  boundary  conditions 
are  specified  ( e.g.  by  prescribing  the  motion  of  a piston  that  drives  the 
burnt  gas).  The  question  of  whether  a detonation  wave  may  or  may  not 
propagate  through  a given  mixture  of  fuel  and  oxidizer  can  not  therefore 
be  settled  without  specifying  some  kind  of  boundary  condition. 

If  the  boundary  conditions  are  such  that  there  is  at  least  one  Intersection 
of  the  Rayleigh  line  with  the  Hugoniot  curve,  then  the  values  of  pj  and 
p.  at  the  intersection  collectively  define  the  thermodynamic  state  of  the  burnt 
gas.  The  overpressure  associated  with  the  detonation  wave  is  defined  to 

be  P2  - Po- 

The  earliest  attempt  to  calculate  the  speed  of  a detonation  wave  relative  to 
the  unburned  gas  by  rational  methods  was  apparently  that  of  D.L.  Chapman 
in  England  [ cf . Chapman  (1899)  *°].  Chapman's  results  were  independently 
rederIved  by  E.  Jouget  in  France  [Jouget  (1905,1906)  ^^1.  Neither  of  these 
authors  seemed  to  have  fully  appreciated  the  role  of  boundary  conditions 
in  determining  the  value  of  M in  the  system  (19)  and  (20).  Both  authors 
instead  proposed  the  ad  hoc  condition  that  the  Rayleigh  line  Intersect  the 
Hugoniot  curve  at  a single  point  of  tangency.  This  condition  is  now  called 
chapman- Jouget  condition,  or  C-J  condition.  Determination  of  M by  the  C-J 
condition  fixes  the  values  of  p,,  pj,  u^,  etc.  which  are  then  called  the 
Chapman- Jouget  values  of  these  quantities.  Now  the  C~J  value  of  the  speed 
of  a detonation  wave  relative  to  the  unburned  gas  is  determined  by  the 
chemical  and  thermodynamic  properties  of  the  gases  undergoing  reaction. 

It  thus  furnishes  a convenient  reference  scale  In  the  presentation  of  experi- 
mental results. 

The  first  authors  to  substitute  a proper  treatment  of  boundary  conditions 
for  the  C-J  condition  worked  independently  in  three  countries  [Y.B.  Zeldovich 
(1940)’Mn  the  USSR,  J.  von  Neumann  ( 1943)  ’ ^in  the  U.S.,  and  W.  Doring 
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(,943)“  in  Germany  1.  These  “f^e  flruc??l’rr'Jhe‘re!rctL^To“ 

finite  reaction  rate  chemist*  y m ^ ^ ^ • ^ow  called  the  Zeldovich- 

3., .3  EXTERNAL  WORK  AND  OETONABILITY  UMITS^ 

involving  oxidation  may  be  s sample  of  bare  iron  when  exposed 

reaction  is  corrosion  (e^,.  ^^ry^om^onTame  such  as  a candle  flame  mav 
to  air,  moisture,  and  salt).  Any  co  . reaction.  The  terms  combus- 

be  taken  as  the  prototype  of  a p oxidation.  All 

tion  and  burning  are  synonyms  tht-rmic  i e they  are  accompanied 

such  rapid  oxidation  reactions  are  exothermic,  i.e.  tn  y 

by  a release  of  thermal  energy. 

A homogeneous  in'"  rfsponTe  To 

called  flammable  if  it  will  burn  in  p flammability  or  nonflammability 

state  (such  as  a rise  in  ‘ upon  its  chemical  compo- 

of  a mixture  of  substances  is,  various  substances  in  the  mix- 

sition,  i.e.  the  relative  concentrations  considers  all 

^hrmixlur^esThTrm'r;  be  ?oTmed 

-rTVmlhrT7omThor,haf?.^^^^^^^^^ 

F,34m.ahi,i,V  limits,  as  defined 

upon  the  boundary  conditions  .,jbHum  mixtures  that  can  be 

authors  have  Ug^ances  caT  be  divided  unambiguously  into  two 

formed  from  a given  list  o r>-Hptonable*  If  such  a proposal  were  a 

parts,  namely  'detonable  and  no  tabulate  detonability  limits  from 

good  representation  of  nature,  C5*mp  manner  as  is  done  in  the  tabu“ 

numerous  detonation  test  resu  ts  (196lP^.  table  10,  p 535]. 

lation  of  flammability  >'mits  [ cf.  Lewis  changes  in  the  fluid  pro- 

The  main  difficulty  with  this  proposal  = jei^  determined  by  the  chemical 

perties  across  a detonation  wave  are  no  aoproaching  it.  Indeed, 

composition  and  thermodynamic  ° as^may  be  characterized 

the  strength  of  orThi  strength  of' the  lead  shock  in  a detonation 

by  the  parameter  M - Uo/^a  ha.;ic  laws  of  mechanics,  thermo- 

„Le  is  not  datermined  -^^'^araU^r  M ^an  in  Tac,.  only  be  fixed  by 
dynamics,  or  chemistry.  P . motion  of  a hypothetical  piston 

thafabuu  th^fluW  o“"  h'rdo«nsi'ream  side  of  the  shock  or  detonation  wave 
(as  the  case  may  be). 

Suppose  that  a Lmperat^re]. 

raised  above  some  threshold  value  r,,  . ^ prescribing  a pis- 

By  sending  a piston-dnven  VlOl  above]  above 

Te  Z:"  o'ne^^L'y'e'nsurthU'L'gas  will  ignite  and  that  the 
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resulting  reaction  zone  will  follow  the  shock.  Such  a procedure  amounts 
to  producing  a detonation  wave  and  the  above  argument  suggests  that  all 
flammable  mixtures  are  detonable. 

The  argument  given  above  hinges  on  the  idea  that  a piston  can  do  work  on 
a body  of  fluid  in  contact  with  it.  If  one  allows  the  piston  to  do  an  arbitra- 
rily large  amount  of  such  work  in  a given  time  interval,  then  one  can  always 
send  a detonation  wave  through  any  flammable  mixture  of  gases.  This  argu- 
ment implies  that  'detonability  limits'  are  as  broad  as  'flammability  limits'. 

If,  however,  one  incorporates  restrictions  on  boundary  conditions  into  one's 
definition  of  detonability  limits,  then  one  may  well  arrive  at  detonability  limits 
that  are  narrower  than  flammability  limits.  One  such  restriction  might  assert 
that  the  piston  is  at  rest  relative  to  the  unburned  gas  far  ahead  of  it. 

3.2  MULTIDIRECTIONAL  PROBLEMS 

3.2.1  INERT  SHOCK  WAVES 

3- 2. 1.1  Taylor's  expanding  sphere  problem.  As  was  pointed  out  in  section 
3.1.1,  the  one-parameter  family  of  solutions  of  the  equations  for  steady  non- 
reacting  unidirectional  flow  with  a shock  wave  can  be  generated  by  the  solu- 
tion of  a 'piston  problem'.  Specifically,  if  gas  in  a tube  is  initially  at  rest 
and  if  the  gas  is  set  in  motion  at  t = 0 by  a piston  whose  velocity  rises 
abruptly  in  the  manner  of  a step  function,  then  a shock  wave  propagates 
ahead  of  the  piston  into  the  region  of  undisturbed  gas.  The  strength  of 
this  shock  can  be  represented  by  the  Mach  number  M = Ug/so  (see  section 

3.1.1  for  definitions  of  the  symbols).  This  shock  strength,  in  turn,  can 
have  any  positive  value.  Its  value  is  determined  by  the  speed  of  the  piston. 
The  values  of  all  of  the  flow  quantities  behind  the  shock  are  then  determined 
by  equations  (8),  (9),  and  (10). 

In  the  late  nineteen  thirties,  C.l.  Taylor  in  England  addressed  the  question 
of  whether  one  can  formulate  a problem  in  spherical  geometry  that  is  analo- 
gous to  the  piston  problem  described  above.  Taylor's  efforts  resulted  in 
a manuscript  titled  'The  air  wave  surrounding  an  expanding  sphere'  which 
was  submitted  for  publication  to  the  Royal  Society  of  London  in  1939.  It 
was  not  published  until  1946  [Taylor  (1946)^®],  owing,  apparently,  to  secu- 
rity classification  during  World  War  Two. 

Taylor  s results  show  that  if  the  radius  r of  the  expanding  sphere  increases 
in  time  at  a constant  rate  Uj.  then  a shock  wave  propagates  into  the  sur- 
rounding fluid.  The  radius  r^  of  this  spherical  shock  also  increases  with 
time  at  a constant  rate.  Taylor's  results  include  tabulations  of  the  distri- 
butions of  u/a  and  p/p„  versus  r/lat)  and  p = u^/a  , in  which  a and  pg 
are  the  speed  of  sound  and  the  fluid  pressure,  respectivley,  in  the  remote 
undisturbed  air.  u is  the  local  instantaneous  fluid  speed  in  the  region  be- 
tween the  expanding  sphere  and  the  shock,  r is  the  distance  from  the  cen- 
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ter  of  the  expanding  sphere  to  any  place  where  values  of  the  flow  quantities 
are  sought,  t is  the  time  (relative  to  a hypothetical  reference  time  when 
the  expanding  sphere  had 

scHp^M’^di^ote^co^  immediately  downstream  of  the  shock.  The  ratios 

p^/p^  and  T^/To  may  be  expressed  in  terms  of  the  ratio  p^/Po  by  means  of 

the  formulas 

P,  _ (Y-11  -I-  (^-n)(Pi/Po)  £i  , 

Po  (^+1)  + (^-l)(Pi/Po)  ^0  Po 

the  first  of  which  is  deduced  from  the  system  (1).  (2),  and  (5)  ' 

equation  (24)]  and  the  second  of  which  follows  from  the  equation  of  state 
oran  ideal  gas  Table  1 and  Figures  3 and  4 illustrate  some  of  Taylor's 
results  In^each  of  the  smaller  Tables  in  Table  1 ‘he  value  of  p/p.  corres- 
Dondinq  to  the  largest  value  of  r/(at)  is  equal  to  p^/Po- 

tables  permit  determination  of  p^.  Pi.  and  ° ^ ® Th^'di^tribu- 

meter  g and  the  thermodynamic  state  of  the  undisturbed  gas.  The  distnbu 

tions  of  p/Pi  andT/Ti  between  the  shock  and  the  expanding  sphere  then 

follow  from  the  tabulated  values  of  p/Po  and  the  adiabatic 

P/Pi  = (P/Pj^^^  T/T,  = (p/p,)  ''  ■ 


These  results  of  Taylor  would  seem  to  offer  promise  in  modeling  the  initia- 
tion of  detonations  in  spherical  geometry.  Consider, 

region  of  burning  gas  in  which  the  flame  surface  (or  surfaces)  are  def  agra 
tions.  The  instantaneous  rate  at  which  thermal  energy  is  released  by  the 
burning  is  influenced  by  many  variables,  one  of  which  is  the  instantaneous 
area  of  the  flame  front.  For  the  purpose  of  comparison,  suppose  that  the 
flame  front  at  some  instant  is  a closed  surface  that  encloses  a given  volume. 

A flame  front  in  the  shape  of  a smooth  sphere  would  have  a smaller  area 
(and  would,  therefore,  yield  a smaller  rate  of  energy  release  by  burning) 
than  would  a flame  front  with  any  other  shape.  At  the  opposite  extreme, 
one  can  imagine  a flame  front  with  a highly  convoluted  shape  (perhaps  as 
a result  of  turbulent  mixing)  whose  rate  of  energy  release  is.  s^.  two 
orders  of  magnitude  higher  than  is  that  of  the  spherical  flame.  Such  a region 
of  burning  gas  would,  of  course,  expand  and  the  flow  about  Taylor  s 
expanding  sphere  might  be  a suitable  model  to  describe  the  action  of  a loca 
ized  region  of  burning  gas  on  the  unburned  gas  surrounding  it.  If  one 
supposes  that  such  a model  is  appropriate,  then  a scenario  for  the  initiation 
of  detonation  might  run  as  follows.  The  flame  front  in  a localized  region 
of  burning  gas  becomes  highly  convoluted  as  a result  of  turbulent  mixing. 
This  convoluted  flame  front  results  in  a release  of  thermal  energy  that  is 
much  larger  than  what  would  be  released  if  the  flame  front  were  smooth  an 
spherical.  This  rapid  release  of  thermal  energy  causes  the  ball  of  burning 
gas  to  expand.  This  expanding  ball  exerts  an  action  on  the  unburned  gas 
surrounding  it  in  the  manner  of  Taylor's  expanding  sphere  including,  in 
particular,  the  production  of  a spherical  shock  wave.  The  temperature  and 
velocity  of  the  unburned  gas  both  suffer  abrupt  rises  as  the  spherical  shock 
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Table  1.  Results  from  Taylor  (1946)^^  on  the  air-wave  surrounding  an  expan- 
ding sphere.  Here  a u_/c^,  in  which  c,  is  the  speed  of  sound  in  the 
air  at  the  surface  of  the  sphere.  See  text  for  definitions  of  the  remaining 
symbols.  Note  that  3 ^ u.//a,  in  which  a js  the  speed  of  sound  in  the  remote 
undisturbed  air.  Thus,  a and  3 are  two  alternative  parameters  for  represen- 
ting the  rate  of  driving  of  the  air  by  the  expanding  sphere. 
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Figure  3.  Plots  of  the  pressure  distributions  in  Table  1 [Taylor  (1946)^®]. 
Each  curve  corresponds  to  a particular  rate  of  expansion  of  the  sphere.  The 
leftmost  point  on  each  curve  corresponds  to  the  surface  of  the  sphere;  the 
discontinuity  at  the  right  of  each  curve  corresponds  to  the  shock  wave. 
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Figure  4.  Plots  of  the  radial  velocity  distributions  in  Table  1 [Taylor 
(1946)^^].  As  in  Figure  3,  the  step  discontinuities  represent  the  shock  wave 
for  each  rate  of  driving.  The  dashed  line  represents  the  trajectory  of  the 
surface  of  the  expanding  sphere. 
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bv  If  the  latter  is  of  sufficient  strength  to  satisfy  the  conditions 
for  ianition  of  the  shocked  gas.  then  the  shocked  gas  will  begin  to  react. 

If  moreover,  those  conditions  are  sustained  for  \ 

then  the  reaction  will  proceed  to  completion.  Such  a shock  followed  by  a 
reaction  zone  ir  of  course,  a detonation  wave.  The  foregoing  scenario  thus 
constitutes  a mechanism  for  initiation  of  a spherical  detonation,  as  asserted. 

3 2.1.2  Tavlor‘s  f ixed-total-enerqy  blast  wave  problem  J" 
cle  Dublished  in  Annual  Reviews  of  Physical  Chemistry,  J.H.S.  Lee  of  McGill 
Uni^^rsitv  [Lee  (^77)  1 discussed  efforts  to  model  the  intiation  of  spheri- 

ca7  detonlti^^^^^^  One  such  effort  (cf.  p 91  of  that  Paper)  employed  another 
of  r I Tavlor's  contributions  to  the  theory  of  explosions  [Taylor  (1950)  J. 
^his  Laoer  was  wriue^  in  1941  in  support  of  the  early  work  on  the  atomic 

regained  classified  for  nine  years.  Taylor  formujated  the  pr^ 
bv  suDDOsinq  that  a spherical  blast  wave  is  generated  by  the  sudden  release 
of  a ffx^d  total  energy  e . which  then  represents  the  sum  of  the  thermal  an 
kinetic  energies  of  the  blast.  In  contrast  to  the  action  of  conventional  hig 
exDlosives  this  release  of  energy  was  not  accompanied  by  a release  of  gas 
through  the  vaporization  of  condensed  matter.  As  in  the  expanding  sphere 
problem  Taylor  sought  a solution  of  the  equations  of  motion 
Unviscid  nonheatconducting)  flow  in  which  the  distributions  of  flow 
niiantities  expressed  in  terms  of  appropriate  nondimensional  variables,  are 
?p|f-similar  at  all  times.  Taylor  showed  that  such  self-similar  solutions  exist 
only  in  the  case  when  the  strength  of  the  shock 

thus  permitting  one  to  replace  the  rightmost  member  of  (9).  for  example, 
by  its  asymptotic  limit  as  M ^ . 

Taylor's  results  include  formulas  relating  the  radial 

•shock  to  the  time  t for  a given  blast  energy  e.  In  the  model  discussed 

bv  Lee  a critical  value  of  E was  proposed  by  equating  the  Chapman-Jouget 

vLdt;  of  a detonation  wave  [ cf  section  3.1.2  above]  with 

tinq  the  time  t to  the  time  t for  completion  of  the  chemical  reaction  (the 

so-callld  induction  tifne).  Lee  remarks  that  the  vdues  of  E -o  ^ompu  ^ 

are  about  three  orders  of  magnitude  less  than  are  the  energies  of  blasting 

devices  needed  to  produce  spherical  detonations  in  experiments.  Lee  offers 

some  ad  hoc  explanations  for  the  discrepancy.  Curiously.  Lee  does 

impute  significance  to  the  discrepancy  between  the 

strength  in  the  shock  waves  produced  by  blasting  caps  and  t 

strength  assumed  in  Taylor's  fixed- £ blast  wave  model. 

out  in  his  paper,  his  fixed- £ blast  wave  solution  is 

duced  by  conventional  condensed  matter  explosives  only  ^ ^ 

air  enclosed  by  the  shock  is  much  greater  than  the  mass  of  the  explosive. 

I do  not  believe  that  the  conditions  of  the  blasting  cap  experiments  cited 
bv  Lee  fulfill  this  condition  within  the  time  interval  of  interest  any  be 
than  they  fulfill  the  condition  of  asymptotically  large  strength. 

Lee  (1977)  does  not  mention  any  of  Taylor's  papers  other  than  the 

taining  Taylor's  theoretical  model  of  the  atomic  bomb  blast.  He  may  ^ware 

of  Taylor's  work  on  the  air  wave  surrounding  an  expanding  sphere  and  have 
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good  reasons  for  rejecting  it  as  a model  for  initiating  spherical  detonations. 

I have  not  seen  any  such  reasons,  however,  and  lacking  them,  I am  inclined 
to  regard  the  mechanism  for  initiating  spherical  detonations  described  in  the 
preceeding  section  as  more  believable  than  the  one  described  by  Lee  (1977). 

3.2.2  PROPAGATION  OF  A SPHERICAL  DETONATION  WAVE.  In  his  many 
studies  of  spherical  explosions  during  World  War  Two,  Taylor  also  addressed 
the  problem  of  how  to  model  the  propagation  of  a spherical  detonation  wave. 
Taylor's  theory  of  the  spherical  detonation  was  formulated  in  the  same  year 
as  and  prior  to  his  work  on  the  fixed  total  energy  blast  wave.  At  that  time 
(January  1941),  the  standard  model  for  the  propagation  of  detonation  waves 
was  the  Chapman-Jouget  model  discussed  in  section  1.2  above.  As  I stated 
there,  the  important  role  of  boundary  conditions  in  determining  the  shock 
strength  is  not  incorporated  in  the  C-J  model.  Taylor's  spherical  detonation 
wave  is  predicated  on  the  assumption  that  the  C-J  condition  is  satisfied  and 
the  applicability  of  Taylor's  spherical  detonation  model  is  limited  accordingly. 
In  their  book  Detonation,  Fickett  and  Davis  (1979)^®  remark  that  the  problem 
of  spherical  detonations  has  still  not  been  properly  treated.  It  is  possible, 
therefore,  that  Taylor's  World  War  Two  contribution,  limited  as  it  is,  had 
not  been  superceded  as  of  1979.  At  this  point,  however,  one  should  call 
attention  to  the  important  book  similarity  and  Dimensional  Methods  in  Mechan- 
ics by  L.l.  Sedov  [Sedov  (1959)^^  ].  In  chapter  four  of  that  work,  Sedov 
formulates  a general  analytical  framework  for  generating  self-similar  solutions 
of  the  equations  of  gas  dynamics  in  one,  two  and  three  dimensions.  Sedov 
not  only  recovers  all  of  the  results  of  Taylor  that  I have  cited  so  far,  but 
is  also  able  to  replace  some  of  Taylor's  numerical  solutions  with  closed-form 
analytical  ones.  Sedov's  contribution  goes  beyond  Taylor's  in  that  Sedov  is 
able  to  delineate  the  complete  set  of  circumstances  under  which  self- similar 
solutions  of  the  equations  of  reactive  gas  dynamics  with  one  space  coordinate 
(as  occur,  for  example,  in  the  problem  of  spherical  detonations)  are  pos- 
sible. Fickett  and  Davis  do  not  cite  Sedov's  book,  so  it  may  be  that  their 
characterization  of  post  war  work  on  spherical  detonations  is  overly  harsh. 

Taylor's  model  of  the  spherical  detonation  wave  is  consistent  with  the  view 
that  a spherical  detonation,  once  initiated,  can  propagate  through  the  whole 
region  occupied  by  explosive,  i.e.  there  is  no  a-priori  reason  to  suppose 
that  a spherical  detonation  will  extinguish  itself  after  it  reaches  a certain 
radius. 

As  in  problems  discussed  earlier,  Taylor  sought  and  found  a solution  of  the 
equations  of  motion  of  a gas  in  which  the  distributions  of  the  flow  quantities 
expressed  in  terms  of  appropriate  nondimensional  variables,  were  self-similar 
for  all  times.  Since  the  details  of  these  distributions  are  less  germane  to 
the  purposes  of  this  report  than  is  the  fact  that  the  whole  cloud  of  gas  deto- 
nates. I will  set  aside  further  discussion  of  Taylor's  theory  of  spherical  deto- 
nations. 
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3.3  REMARKS  ON  CONFINEMENT 
The  possibilKy 

is  ignited  at  the  closed  end,  then  the  l.kehhood  that  tlw  resum^^^  ^ ^ 
will  evolve  into  a detonation  is  ignited  at  the  center. 

?,:e^e"r  ^^e^trtr^fy"  WinTd”?  ttwann^rico^nfined.  flows,  respec- 
lively. 

siv6  gss*  y TWiic  if  a IS  conslraincd  to  nnov6  along 

the  gas  is  allowed  to  move.  # that  if  it  is  allowed  to  move  radially 

parJiel  streamlines  it  .s  -re  -nfmed  ‘s,  ^yUn^r.^lly 

along  rays  perpendicular  to  an  ax  s I i .e.  n than  is  motion 

symmetric  motion).  This  motion  m tur  . dimensional  spherically 

along  rays  emanating  from  a point  ( i.e.  in  three  dimensiona  p 

symmetric  motion ) . 

The  idea  that  one  can  “"'^'"'7he*^detaHed"gS  ,rf"connn- 

in  which  gas  may  move  than  by  "9  ^ V?*  ^ ignited  in 

L"?uL^'clo“\ntrnd\1thX“asewhe^^^^^ 

r^cr1L\:"tt  li,::irhoodTf'Sltona\io{ a'nT  if 
of  confinement,  then  gas  in  a tube  c osed  at  both 

tube  at  one  end  allows  the  burning  9®s  formation  of  this 

?rint.  thereby  preventing  it  from  accelerating  to  supersonic  velocity  and 
thus  inhibiting  one  mechanism  for  shock  formation. 

4^  RACKr, ROUND  ON  DETONATION  OBSERVATIONS 

The  preceeding  section  was  devoted  to  descriptions  of  basic  P^Vaical^Phen^^^ 

Sontl^ipl'rLcV^hp^o^^^^^^^ 
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introduction  to  the  general  subject  of  combustion  theory  and  observation. 

The  experimental  studies  discussed  in  this  section  are  restricted  to  those 
I have  read  that  seem  to  me  to  be  most  informative  in  regard  to  the  hazard 
of  hydrogen  explosions  at  KSC  shuttle  launch  pads. 

4.1  PROPAGATION  OF  DETONATION  WAVES  DOWN  TUBES  AND  CHANNELS 

4.1.1  LOCAL  EXPLOSIONS.  Consider  a tube  filled  with  an  explosive  mixture 
of  gases  and  closed  at  one  end.  It  may  happen  that  if  the  gas  in  the  tube 

is  ignited  at  the  closed  end,  a flame  propagates  toward  the  open  end,  aceler- 
ates  and  eventually  evolves  into  a detonation  wave  that  propagates  all  the 
way  to  the  open  end  of  the  tube.  A beautiful  set  of  photographs,  which 
record  many  of  the  physical  processes  that  take  place  In  such  an  experiment 
was  published  by  Urtiew  and  Oppenheim  (1966)^^.  One  curious  feature  of 
detonation  waves  captured  by  these  photographs  is  the  repeated  occurence 
of  localized  spherical  explosions  (which  Urtiew  S Oppenheim  called  'the  explo- 
sion within  the  explosion').  Thus,  even  though  the  lead  shock  in  a detonation 
wave  may  be  very  nearly  planar,  the  flow  behind  it  is,  by  no  means  unidi- 
rectional. The  intermittent  generation  of  three  dimensional  local  explosions 
seems  to  accompany  all  observations  of  detonation  initiation  and  propagation. 

4.1.2  DETONATION  CELL  WIDTH  AND  THE  EMPIRICAL  FORECASTING  OF 
DEFLACRATION-TO-DETONATION  TRANSITION.  If  the  inside  surface  of 
a tube  is  covered  with  a smoked  foil  and  if  a detonation  wave  is  then  sent 
down  the  tube  in  the  manner  described  above,  then  the  detonation  wave  will 
scour  the  foil  selectively  leaving  a cell-like  pattern  on  it  [cf.  Figure  5,  taken 
from  Strehlow  (1968)®  ].  The  task  of  determining  the  precise  mechanism 

to  account  for  this  wall  scouring  is  a challenge  for  theoreticians  that  need 
not  concern  us  here.  Whatever  their  cause,  however,  the  detonation  cells 
furnish  an  experimentally  observable  length  scale  that  typifies  the  thickness 
of  a detonation  wave. 

The  detonation  cell  width  depends  upon  the  mole  fractions  of  the  fuel,  the 
oxidizer,  and  of  any  diluting  substance  that  may  be  present  in  the  mixture 
of  gases  upstream  of  the  detonation  wave.  Given  a particular  chemical 
reaction  involving  combination  of  a fuel  with  an  oxidizer,  one  may  define 
a special  ratio  of  the  molar  concentration  of  fuel  to  the  molar  concentration 
of  the  oxidizer  which  corresponds  to  the  ratio  of  the  same  constituents  in 
the  reaction  product.  Such  a ratio  is  called  stochion^tric . Thus,  in  the 
reaction  2H^  + 2H2  , a stochiometric  mixture  of  to  O2  would  contain 

two  moles  of  for  each  mole  of  O2  . A parameter  that  represents  the  close- 
ness of  a given  mixture  to  a stochiometric  one  is  the  equivalence  ratio  4 
defined  as  follows: 


f equivalence^ 

1 A * 1 * (t)  “ 

^mole  fraction  of  fuel  to  oxidizer  in  a 

.given  mixture  of  substances  | 

V ratio  J ^ I 

r mole  fraction  of  fuel  to  oxidizer  In  a stochimetric  ^ 
^mixture  formed  from  the  same  substances  j 
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Fiaure  5 Photograph  of  the  pattern  produced  on  a amoked  foil 
S rtube  down  which  a nominally  planar  detonation  wave 

Strehlow  (19681  M.  The  wave  propagated  from  left  to  right.  The  symbol 
X denotes  the  detonation  cell  width. 


Thus,  a mixture  is  fuel-rich  or  fuel-lean  according  to  whether  0 is  greater 
than  one  or  less  than  one.  respectively.  The  value  4.  = 1 corresponds,  of 
course^  to  a stochiometric  mixture. 


By  plotting  detonation  cell  width  versus  equivalence  ratio,  one  has  a basis 
for  comparing  results  involving  different  chemical  reactions.  An  example 
of  such  a plot  is  given  in  Figure  6 from  Berman  (1985)^^.  which  illustrates 
the  dependence  of  detonation  cell  width  (measured  parallel  to  the  plane  of 
the  detonation  wave)  upon  equivalence  ratio  (f  for  hydrogen-air  detonations 
with  varying  degrees  of  steam  dilution.  There  does  not  appear  to  be  any 
simple  accurate  fundamental  method  for  the  direct  analytical  calculation  of 
the  detonation  cell  width.  By  allowing  for  finite  reaction  rates  in  a one  di- 
mensional model  of  the  reaction  zone  behind  the  lead  shock,  however,  one 
can  define  a length  scale  (the  induction  length)  that  scales  with  the  thick- 
ness OT  2one  pis  induction  length  maybe  correlated  with  the  detona- 
tion cell  width  and  the  curves  in  Figure  6 Illustrate  such  a correlation 


Many  empirical  correlations  may  be  expressed  in  terms  of  the  detonation  cell 
size.  Thus,  for  example,  if  the  plotted  detonation  cell  size  for  a given  mix- 
ture  of  gases  is  larger  than  the  bore  of  a tube  in  which  one  wishes  to  deto- 
nate  t^at  gas,  then  there  is  reason  to  believe  that  in  that  tube  the  gas  (in 
the  absence  of  piston  driving)  will  seem  less  detonable.  Several  authors 
have  proposed  such  ideas  and  have  reported  evidence  In  support  of  them. 

One  remark  made  by  many  such  authors  is  that  detonability  limits  are  scale- 
dependent  and  that  larger-scale  boundaries  are  more  conducive  to  detona- 
tion than  are  boundaries  of  smaller  scale  [ cf.  Berman  (1985)^^]. 

A second  kind  of  empirical  correlation  involving  the  detonation  cell  width 
IS  a ^rrelation  between  the  size  of  the  smallest  obstacle  capable  of  influen- 
cing  deflagration-topetonation  transition  (DDT)  for  a given  mixture  of  gases 
and  the  standard  width  of  the  detonation  cells  for  that  mixture.  Sherman. 
Tiezen.  and  Benedick  (1986)^“  . for  example,  have  found  experimental  evidence 
that  a def  agration  front  propagating  down  a channel  across  a regular  array 
Of  fence-like  obstacles  may  undergo  transition  to  detonation  and  that  this 
trpsition  to  detonation  will  be  influenced  by  the  fences  if  the  spacing 
etween  them  is  of  the  order  of  two  to  three  times  the  detonation  cell  width. 
The  validity  of  such  a correlation  would  Indicate  that  small  detonation  cell 

explosive  gases,  i.e.  gases  in  which  DDT  may 
be  triggered  by  smaller  obstacles.  For  stochiometric  mixtures  of  hydrogen 
and  air  (with  no  steam  dilution)  the  detonation  cell  width  A is  between  four 
n SIX  millimeters  [ cf.  Figure  6].  If,  however,  the  ratio  in  the 

mixture  IS  kept  the  same  but  steam  is  added  to  bring  the  total  steam  fraction 
to  twenty  percent,  then  the  detonation  cell  width  rises  to  a value  between 
ten  and  twelve  centimeters.  Raising  the  steam  fraction  to  thirty  percent 
raises  the  detonation  cell  size  to  about  thirty  centimeters.  Hydroqen-air- 
steam  mixtures  with  steam  fractions  above  fourty-five  percent  are  so  inert 
that  no  attempts  to  produce  detonation  waves  in  them  have  yet  succeeded. 

The  observations  on  detonation  described  above  suggest  that  the  addition 
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Figure  6.  Detonation  cell  width  X versus  equivalence  ratio  «ti  for  hydrogen- 
air-steam  mixtures  and  correlation  with  calculated  'induction  lentgh  U.e.  a 
typical  streamwise  thickness  of  a planar  detonation  wave,  as  ca'cu" 

lated  in  the  Zeldovich-von  Neumann-Doring  model) [from  Berman  11985)  J. 
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of  steam  to  the  exhaust  plume  of  the  space  shuttle  main  engines  exerts  a 
powerful  effect  in  reducing  the  detonability  of  the  gases  in  it.  Such  consi- 
derations undoubtably  played  a role  in  the  design  of  the  steam  inerting 
system  for  the  exhaust  duct  at  the  Vandenburg  launch  site.  In  this  context, 
the  effect  of  the  sound  supression  water  spray  (SSWS)  on  the  main  engine 
exhaust  plume  is  obviously  favorable. 

4.2  EXPERIMENTS  ON  UNCONFINED  DETONATIONS.  An  older  study  by 
the  Arthur  D.  Little  Company  [Anonymous  (1960)^^,  hereinafter  referred 
to  as  ADL]  contains  an  impressive  compendium  of  engineering  work  done  in 
support  of  the  Atlas  Centaur  program.  The  report  contains  results  of  exper- 
iments on  detonation  of  hydrogen-oxygen-air  mixtures  in  spherical  balloons 
situated  at  a remote  distance  [ i.e.  many  balloon  diameters]  away  from  the 
ground  or  any  other  walls.  In  these  experiments,  detonations  were  produced 
by  placing  some  flame  source  at  the  center  of  the  balloon  and  causing  it  to 
ignite.  The  flame  sources  ranged  from  'weak'  sources,  represented  by 
sparks,  to  'intermediate'  sources,  represented  by  squib  flames,  and  'strong' 
sources  represented  by  blasting  caps  and  other  condensed  matter  detonators. 

Some  of  the  results  reported  in  ADL  seem  reassuring  in  the  context  of  this 
report.  Thus,  the  authors  of  ADL  report  (p  18)  that  'detonation  will 
not  occur  when  hydrogen  is  vented  to  the  atmosphere  as  long  as  the  hydro- 
gen-air mixtures  are  unconfined  and  are  initiated  by  ignitors  of  the  non- 
explosive type'.  This  conclusion  was  based  upon  observations  of  spherical 
flames  produced  at  the  centers  of  balloons  by  weak  sources.  In  these  exper- 
ments,  no  direct  means  were  provided  to  produce  convolutions  of  the  flame 
fronts  and  it  may  well  be  that  the  flames  remained  nearly  spherical.  As  was 
remarked  in  section  3. 2. 1.1  above,  a spherical  flame  front  has  the  smallest 
surface  area  and  concomitant  rate  of  energy  release  of  all  possible  flames 
that  enclose  a given  volume.  Thus,  the  relatively  benign  characteristics 
of  the  spherical  flame  produced  in  the  ADL  experiments  on  hydrogen-air 
mixtures  may  not  be  representative  of  what  could  happen  if  the  flame  front 
were  allowed  to  be  wound  up  in  turbulent  eddies  (as  might  be  produced, 
for  example,  by  passage  of  the  flame  front  across  an  array  of  turbulence- 
producing  obstacles).  The  authors  of  the  ADL  report  were  aware  of  the 
importance  of  turbulence  in  the  flame  front.  Indeed,  they  cited  such  turbu- 
lence as  their  reason  for  abandoning  an  attempt  to  determine  the  minimum 
spark  energy  necessary  to  trigger  a detonation  [cf.  ADL,  pp  57-58].  One 
may  surmise  from  the  discussion  in  ADL  that  the  direct  effects  of  the  spark 
were  overwhelmed  by  the  effects  of  turbulence  produced  by  the  instrument 
supports. 

4.3  FURTHER  OBSERVATIONS  ON  DEFLAGRATION-TO-DETONATION  TRAN- 
SITION. The  article  by  Berman  (1985)^^  reviews  several  experiments  on 
the  propagation  of  flames  through  bags  filled  with  flammable  gases.  In  one 
example  [ cf.  Moen,  Bjerkvedt,  Jenssen,  and  Thibault  (1985)^®].  a flame 
front  propagates  down  the  bag,  undergoes  distortion,  and  forms  a 'tongue 

of  flame'  that  advances  ahead  of  the  main  flame  front  ( cf  Figure  7 ) . When 
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by  one  flat  floor  [from  Moen,  et  al.  Il98b)  J. 
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this  tongue  of  flame  reaches  the  far  end  of  the  bag.  It  is  wrapped  up  in 
a corner  eddy  A detonation  then  originates  within  this  corner  eddy  and 
the  resulting  shock  wave  propagates  through  the  rest  of  the  facility 
In  this  experiment,  the  gas  bag  abutted  a solid  floor,  but  was  otherwise 

gases  was  acetylene  and  air.  Berman 

thu?LmMrahipT  mixture  has  the  same  equivalence  ratio  and  is 

thus  comparable  to  a hydrogen-air  mixture  with  19%  hydrogen.  For  compari- 
son.  a stochiometric  mixture  of  hydrogen  and  air  has  30%  hydrogen.  The 
detonatic^  observed  by  Moen.  et  aJ.  was  not  planned  as  part  of  their  exper- 

ZZ  nf  conclusion  from  the  AOL  report  cited  earlier  losS^ 

some  of  Its  force  when  compared  with  these  results  of  Moen  et  al . 

Results  analogous  to  those  of  Moen  et  al.  have  been  obtained  by  German 
investigators  [see  Berman  (1985)  for  the  original  sources]  in  a lirge  gas 

® appears  that  passage  of  a deflagration 

hZ  !u°^  supports  resulted  in  the  shedding  of  an  eddy  whlc^h  then 

became  the  center  of  a spherical  detonation. 

relevance  of  these  experiments  to  the  conditions  at  KSC 
shuttle  launch  pads,  it  is  important  to  realize  that  the  gases  in  the  qas-baa 
aJSrfTC'"  were  well-rnixed.  the  bags  prevented  the  g^es  from  dispersing. 

nd  the  gas  was  initially  at  rest.  All  subsequent  motion  was  due  to  non-uni- 
form energy  release  by  burning.  At  the  KSC  shuttle  launch  pads,  the  gases 

tk>n*in  thP  disperse,  and  there  is  considerable^mo- 

SSME  exhLs^um7"‘'^TK°'^f^  gas  in  the  deflected 

bbMt  exhaust  plume.  The  flow  inside  a jet  engine  combustor  might  in  fact 

flow^ln^  the^  "’°'"e  accurately  that  does  the 

gas-bag  experiments,  owing  to  the  nonuniformity  of  the  fuel- 

of  t 'rbuirt  flow,  and  the  presence 

^ SCENARIO  FOR  A CATASTROPHIC  EXPLOSION 
5.1  A SEQUENCE  OF  ESSENTIAL  EVENTS 

the“rrsrof'  whrc‘h''waJ'U*ih‘'  guided  my  work  this  summer. 

Which  was  Is  there  a set  of  events  common  to  all  credible 

catastrophic  explosion  near  the  arbiter?'  For  the  pur- 
pose of  discussion,  I will  postuate  that  the  answer  is  'yes'  and  propose  the 
following  sequence  of  essential  events  propose  me 


El 


hydrogen^*^^  space  shuttle  main  engines  discharges  unburned 


locallyl^^'  exhaust  plume  is  extinguished  (at  least 

E3  Some  of  the  hydrogen  in  the  exhaust  plume  (perhaps  the  gas  below 

a"  unreacted  cloud  rather  than  burning 
in  the  usual  blow-torch  fashion.  ° 
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E4  At  some  later  time,  the  gas  in  the  unreacted  cloud  is  isrnited. 
cc  The  flame  front  is  subjected  to  rapid  distortion  by  turbulent  mixing, 

L7a  la-;  ^re“  “ 

“ “!ts-Sborl7ou7f 7cXret 

sion  wave  into  it. 

E7  The  compression  wave  generated  in  E6  steepens  to  become  a shock 
W3ve  in  the  usual  way. 

E8  Passage  of  the  shock  wave  initiates  combustion  of  the  shocked  gas. 

“ rmT^xpL‘“sio:‘‘Jh‘fh  ?h^en^7i?e7L‘'jhotkt  rslrt^eiX^^ 

manner  (i!^.  the  shock  wave  becomes  a detonation  wave). 

Ixp'lol!rgt°:  a«:;  „Tc7rdWane^a^es°  totVn^nrlaa 

wave.  * 

Ell  The  blast  wave  propagates  until  it  strikes  the  shuttle  orbitei  . 

5.2  NECESSARY  CONTRIBUTING  CONDITIONS 

. i_  r-cm  taWf>  nl?tce  onlv  if  certain  conditions  are 

Several  of  the  above  events  can  take  place  omy  it  ......  dene 


juve  V.W..  , I 1 a ^ Hpnote 

satisfied.  Let  t denote  the  time  variable  and  let 
the  times  corresponding  to  events  El.  E2,  E , ...  . P . ci-fii 

that  the  necessary  contributing  conditions  corresponding  to  events  El  Ell 

listed  above  are; 

NCC1  (t  S A physical  mechanism  is  avaliable  to  extinguish  the  usual 

flame  in  the  exhaust  plume. 

NCC2  ( t 2 tpo  ) The  amount  of  explosive  gas  and  its  . 

to  the'orbiter  are  such  that  complete  detonation  of 
the  cloud  could  produce  a damaging  overpressure  on  the  orbiter. 

NCC3  ( t 2 tE3  ) Dilution  of  unburned  hydrogen  with  water  ^Il 

Lurces)  does  not  make  the  mole  fraction  of  H,  to  H,o  so  high  or 
low  as  to  exceed  the  flammability  limits  for  all  ternary  mixtures  of 


and  air. 


*lt  is  of  courle  conceivable  that  the  shuttle  orbiter  may  abut  the  cl^oud 
ol  explosive  gas.'  in  which  case  the  detonation  wave  may  strike  the  orbiter 

directly. 
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NCC4  ( t 2 ) A mBchsnism  is  svsilabic  to  ignito  the  unburned  gas 

in  the  cloud. 

NCC5  ( t > ) A mechanism  is  available  to  induce  turbulent  mixing 

in  the  fluid  containing  the  flame  front. 

NCC6  { t > t£7  ) The  shock  wave  generated  in  E7  is  of  sufficient  strength 
to  initiate  combustion  of  the  shocked  gas, 

NCC7  ( t > tj;7  ) The  state  of  the  shocked  gas  remains  conducive  to  com- 
bustion during  a long  enough  time  interval  for  fairly  complete  com- 
bustion to  take  place. 

NCC8  ( t > ) The  speed  (if  any)  with  which  which  the  center  of 

the  explosive  cloud  moves  relative  to  the  orbiter  is  less  than  the 
speed  of  the  blast  wave  produced  In  E10  relative  to  the  cloud. 

NCC9  ( t > tgiQ  ) The  influence  of  the  boundaries  is  such  that  the  shock 
wave  or  detonation  wave  strength  does  not  diminish  to  safe  levels 
before  the  orbiter  is  struck. 

Conditions  NCC1-NCC9  are  'necessary'  in  the  sense  that  if  any  one  of  them 
is  blocked,  the  sequence  of  events  El-Ell  would  be  interrupted  and  a catas- 
trophe avoided.  The  study  by  Howard  (1987)"  cited  in  the  Introduction 
may  be  interpreted  as  an  effort  to  evaluate  the  credibility  of  NCC2.  His 
results  indicate  that  NCC2  is  quite  credible,  i.e.  it  Is  likely  to  be  satisfied 
in  a typical  flight  readiness  firing  or  launch  abort.  The  study  by  Bransford 
S Voth  (1987)'*,  which  was  also  cited  in  the  Introduction,  may  be  interpreted 
as  an  effort  to  evaluate  the  credibility  of  NCC2  and  NCC3.  Their  results 
indicate  that  neither  of  these  results  is  easy  to  discredit,  owing  primarily 
to  the  great  practical  difficulty  of  estimating  the  time-dependent  spatial  dis- 
tributions of  the  relative  concentrations  of  h^.  u.o.  and  air  in  the  flame 
trench  under  realistic  conditions. 

The  description  given  in  section  3. 2. 1.1  above  of  how  a spherical  detonation 
may  be  initiated  suggests  that  there  may  be  some  necessary  contributing 
conditions  in  the  above  list  that  are  easier  to  discredit  than  are  the  condi- 
tions examined  by  Howard  (1987)  " and  Bransford  8 Voth  (1987) '*.  Thus, 
for  example,  the  residual  jet  momentum  of  the  exhaust  plume  in  the  flame 
trench  may  cause  enough  distortion  of  the  fluid  to  affect  conditions  NCC6, 
NCC7,  or  NCC8.  It  may  well  be  that  the  (benign)  statistically  stationary 
flow  m the  combustor  of  a jet  engine  may  be  a more  realistic  model  of  flow 
in  the  flame  trench  than  is  the  model  of  a transient  explosion  in  a quasi- 
steady body  of  fluid. 
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. ii.yTftPQSm^N-  OF  REASSURING  AND  DISQUIETING  FACTS 
6.1  REASSURING  FACTS 

tative. 

l"UkeLtg7s«^'rii^rex^3usrp1u°^^^ 

• r»™;r;n:;iT.3ri^:  sSiSr- 
r;  "v.sr2  sr  »“r.'afc£v-ss:"z-..iS... 

particular,  flow  aobaring 

r“tr^7nts7'r™tnhe\“al°^:^'low"ln  ?he  fla-  trench  (which  .ay 
more  nearly  resemble  the  flow  in  a )et  engine  combustor). 

• :^e'  s'ar ^empta^url  Wr-ure  p^rdeTa^STsm  for  d[sp"r- 
sal  of  explosive  gases,  namely  bouyant  convection. 

. Residual  jet  momentum  in  the 

port  the  explosive  gas  away  from  the  orbiter. 

. Accidental  detonations  of  ^ 

sr:%o«  deron'atlonslufo^  over  ,6.000  test  firings. 

. No  explosions  have  been  observed  in  two  aborts  and  six  flight  readi- 
ness  firings  at  KSC  space  shuttle  launch  pads. 

6.2  DISQUIETING  FACTS 

Alongside  the  above  list  of  reassuring  facts,  one  may  list  some  that  are  dis- 
quieting.  Thus, 

. The  amount  nf^nburned  hydrogen  discharged  ‘^/ry 

200  feet  from  the  base  of  the  orbiter)  [Howard  (1987)  ]. 


243 


• Several  experimental  studies  have  led  to  the  conclusion  that  deflagra- 
tofi- to-detonation  transition  is  scale-dependent  and  that  larger  scales 
are  more  conducive  to  it  [Berman  (1985)‘‘  J.  ^ 

‘ “ ‘he  conclusion  that  deflagra- 

tion  to  detonation  transition  can  be  triggered  by  passage  of  a defla- 

gra  ,on  across  an  obstacle  and  that  the  threshold '^ite  If  such  In 

"’“'‘'Ple  of  the  detonation  cell  width  A)  can  be  quite 
small  Icf.  Sherman,  et  ai.  (1986)  and  section  4.1.2  above]. 

. Older  experimental  studies  like  the  one  conducted  by  the  Arthur 

th.t  [Anonymous  (1960)^^]  which  led  to  the  conclusion 

that  unconfined  detonations  in  spherical  balloons  containing  mixtures 

? ik/t°^r  ignitbn  sources 

(like  sparks  or  squibs)  were  predicated  on  the  assumption  that  the 

erated^bTT^h  resulting  spherical  flame  is  not  accel- 

erated by  turbulent  mixing.  Such  an  experimental  test  might  be 

?h!l^fi  of  the  situation  in  a real  flame  trench,  where 

f thiT.  K -^'^i  ^^rbulent.  This  admonition  holds  a-fortTori 

proSuclnrobsUdo's  holders  and  other  turbulence- 

• Finally,  although  accidental  detonations  of  gases  discharged  bv  H -o 
rocket  engines  are  indeed  rare  events,  they  do  nevertheless  occur.  ' 

L.  recommendations 

Jectir^'' 2^  abUe'^  questions  listed  in 

^ propose  that  the  answer  to  the  first  question  ' Is  there 

a set  of  events  common  to  all  credible  scenarios  leading  to  a catastroohic 

aTnre^a'nu'^Vti'r"  pro^oL  a“)sf oTfuch 

f'have  proposecTa'^Mst'iy'"'  hardware  and  operating  procedures  at  KSC?' 

— V " b^oc-:?'^'L„^t^re  £s^ 

others^  "’''9ht  be  less  difficult  to  discredit  tha^n 

standina^of  Vhe*  r aspire  to  achieve  a quantitative  scientific  under- 
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familiar,  nor  do  I believe  ‘"n 

the  forseeable  future,  even  therefore,  one  should  take 

formulating  S bl  trartable.  For  this 

ru;%'LTpTTp"o«  rSird  guiding  question  (which  augments  the  two  ques- 
tions  given  in  section  1.2  above),  namely 

*?encrltdo:Tu'rth"r:orh  -bu^nT  hydtgen  p'roblemT 

Such  a list  of  conditions  might  include  the  following  ones. 

has  identified  all  of  the  events  m that  set. 

C2  One  must  be  confident  th^st  one  ha^ 

contributing  conditions  to  a catasirop  . y 
blocked,  would  forestall  the  catastrophe. 

“ ?h7tTs“lL"olurery*reclidedbrpr«^^^ 

cedures  Here,  of  course,  redundancy  is  preferable. 

The  foregoing  discussion  leads  to  the  following  recommendations. 

• fr.usu=-.,-r.-.:  rj:r.:rjs=.:.'ssr“'' 

for  a catastrophe. 

fi)  'fiamp  holdina'  by  stationary  obstacles  in  the  flame  trenc  i 

duarmom^nrum‘’irthe''deSd  'exhaust  plume  on  dispersal  of  the 
unburned  hydrogen. 

Interpretation  of  simple  models  of  flow 

might  permit  one  to  dismiss  =*“'*''* 

tions  for  a catastrophe  ^ g indeed  credible,  then  changes 

;:tardVarl^nd‘oper?tfnrP™^^^^  -<:h  studies  could  produce 

a real  improvement  in  the  safety  of  shuttle  opera  ions. 
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8.  CONCLUSIONS 


• A local  fireball  whose  flame  front  propagates  only  subsonically  (i.e. 
a deflagration ) may  evolve  into  one  whose  flame  front  propagates 
supersonically  (i.e.  a detonation)  if  the  rate  of  release  of  thermal 
energy  is  accelerated  by  turbulent  mixing  or  by  any  other  mechanism 
that  rapidly  increases  the  flame  area.  Such  deflagration-to-detona- 
tion  transition  is  possible  even  in  completely  unconfined  flow.  Thus, 
blasting  caps  or  other  high  energy  sources  in  the 
KSC  flame  trench  does  not,  by  itself,  justify  the  belief  that  a hydro- 
gen-air mixture  in  it  could  not  be  detonated  by  other  ignition 
sources.  This  conclusion  follows  from  the  experimental  studies  cited 
in  section  4.3,  the  theoretical  considerations  reviewed  in  chapter  3 
[see  especially  section  3. 2. 1.1]  and  it  is  consistent  with  the  conclu- 
sions of  a study  by  the  Arthur  D.  Little  Company  on  spark  ignition 
of  hydrogen -air  mixtures  in  spherical  balloons  [see  the  penultimate 
disquieting  fact'  cited  in  section  6.2] . 


Any  flammable  mixture  of  gases  is  detonable  in  the  sense  that  it  is 
possible  to  produce  a one-dimensional  detonation  wave  that  propagates 
through  it.  Indeed,  such  a detonation  wave  may  always  be  produced 
by  placing  the  gas  in  a long  tube  and  driving  it  with  a piston. 
Specifically,  if  the  gas  is  initially  at  rest  and  if  the  piston  undergoes 
a step  change  in  speed  from  zero  to  some  constant  speed  u then 
a detonation  wave  will  always  result  If  u is  above  a certain  threshold 
(whose  value  depends  upon  the  chemistry  of  the  gas  and  its  initial 
thermodynamic  state).  In  such  an  experiment,  the  boundary  does 
work  on  the  fluid.  ' Detonability  limits'  can  therefore  be  distinct 
from  and  narrower  than  'flammability  limits'  only  of  one  adopts  a def- 
inition  of  detonability  limits  that  rules  out  such  working  on  the  fluid 
by  the  boundaries  (at  least  beyond  a certain  limited  time  interval). 
Inis  conclusion  follows  from  the  discussion  In  section  3.1.3  above. 

Accurate  modeling  of  all  the  phenomena  in  the  flame  trench  is  not 
possible  at  present  nor  is  it  likely  to  become  possible  any  time  in 
the  forseeable  future.  Even  without  such  accurate  modeling, 
however,  there  are  realistic  prospects  for  ruling  out  accidental  hydro- 
gen detonations  at  space  shuttle  launch  pads.  By  Identifying  a list 
of  necessary  contributing  conditions  for  a catastrophe  and  by  formu- 
lating  simple  ideal  models  of  selected  flow  details,  there  is  reason 
to  believe  that,  in  time,  one  may  either  discredit  one  or  more  of  the 
necessary  contributing  conditions  (thus  certifying  the  safety  of  the 
present  shuttle  system)  or  identify  a change  in  hardware  or  opera- 
ting procedures  (which  would  permit  such  a certification  of  the  modi- 
tied  system).  Such  eforts  would  seem  to  be  worthwhile. 
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ABSTRACT 


The  frequency  and  intensity  of  thunderstorms  around  the  Kennedy 
Space  Center  (KSC)  has  affected  scheduled  launch,  landing,  and  other 
ground  operations  for  many  years.  In  order  to  protect  against  and 
provide  safe  working  facilities,  KSC  has  performed  and  hosted  several 
studies  on  lightning  phenomena.  For  the  reasons  mentioned  above,  KSC 
has  established  the  Atmospheric  Science  Field  Laboratory  (ASFL).  At 
these  facilities  KSC  launches  wire-towing  rockets  into  thunderstorms 
to  trigger  natural  lightning  to  the  launch  site. 

A program  named  "Rocket  Triggered  Lightning  Program"  (RTLP)  is 
being  conducted  at  the  ASFL.  This  report  calls  for  two  of  the 

experiments  conducted  this  summer  1988  Rocket  Triggered  Lightning 
Program.  One  experiment  was  to  suspend  an  electric  field  mill  over  the 
launching  area  from  a balloon  about  500  meters  hight  to  measure  the 
space  charges  over  the  launching  area.  The  other  was  to  connect  a 
wave  form  recorder  to  a nearby  distribution  power  line  to  record 
currents  and  voltages  wave  forms  induced  by  natural  and  triggered 
lightning. 
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INTRODUCTION 


The  frequency  and  intensity  of  thunderstorms  around  the  Kennedy 
Space  Center  (KSC)  has  been  a serious  problem  for  many  years.  This 
affects  scheduled  launch,  landing,  and  other  ground  operations.  Also, 
there  is  at  KSC  a great  amount  of  sensitive  equipment  (electrical, 
mechanical,  communications,  computer  networks,  fuel  storage, 
transfer  facilities,  towers,  etc.)  that  are  vulnerable  to  the  hazard  of 
lightning.  In  addition,  the  employees  working  on  towers  and  other 
outdoors  areas  are  also  exposed  to  lightning  and  bad  weather 
conditions. 


In  order  to  protect  against  and  provide  safe  working  facilities, 
KSC  has  performed  and  hosted  several  studies  on  lightning  phenomena 
and  also  has  provided  a lightning  detection  system.  However,  the 
frequency  of  Space  Shuttle  launches,  a Space  Station  Program,  and 
other  ground  operations,  requires  a better  understanding  of  lightning 
phenomena  and  its  potential  hazards  in  order  to  maintain  safety, 
protect  the  equipment,  and  maintain  cost  effective  scheduling. 


In  addition  to  this,  there  are  strong  indications  that  lightning 
strikes  to  airplanes  and  missiles  in  flight  are  nearly  always  triggered 
by  the  rapid  penetration  of  an  airborne  conductor  into  a region  of  high 
ambient  electrostatic  field.  By  "triggered"  is  mean  that  the  discharge 

would  not  have  occurred  at  the  same  time  and  place  in  the  absence  of 
the  aircraft. 


Aircraft-triggered  lightning  represents  a significant  hazard  to 
aviation  and  to  rocket  launch  operations.  Atlas/Centaur  67,  carrying  a 
U.S.  Navy  communication  satellite,  was  struck  and  destroyed  about  one 
minute  after  launch  from  Kennedy  Space  Center  on  March  26  1987  for 
a total  cost  to  the  Navy  of  $161M,  to  cite  only  one  example.  The 
severity  of  this  hazard  is  expected  to  increase  as  modern  aircraft 
designs  take  more  advantage  of  poorly  conducting  composite  structural 
materials,  micro-electronics,  and  fly-by-wire  technology. 

Triggered  strikes  are  not  confined  to  cumulonimbus  clouds.  They 


can  occur  in  other  types  of  precipitating  and  non-precipitating  clouds 
which  may  not  otherwise  be  producing  lightning.  There  is,  therefore,  a 
strong  operational  need  to  understand  and  avoid  the  conditions  under 

which  strikes  can  occur. 


For  the  reasons  mentioned  above,  KSC  has  established  the 
Atmospheric  Science  Field  Laboratory  (ASFL).  (See  figure  1).  At  these 
facilities  KSC  launches  rockets  (some  wire-towing,  some  not)  imo 
thunderstorms  to  trigger  natural  lightning  to  the  launch  site.  In  this 
way,  time  and  corrected  measurements  of  large  and  complex  natural 
events  can  be  made  in  a controlled  open  field  laboratory. 

A program  named  "Rocket  Triggered  Lightning  Program"  (RTLP)  is 
being  conducted  at  the  ASFL.  This  report  calls  for  one  of  the 
experiments  conducted  this  summer  1988  Rocket  Triggered  Lightning 

Program. 

The  experiment  of  this  summer  1988  at  the  Atmospheric  Science 
Field  Laboratory  (ASFL)  consisted  of  triggering  lightnings  from  both 
an  over  ground  and  over  water  launching  pads  (See  figure  2).  Rockets 
of  about  one  meter  long  were  launched  Some  of  them  carrying  a spool 
of  wire  of  about  700  meters  long  (See  figure  3).  One  end  of  the  wire 
was  attached  to  ground,  while  the  other  was  carried  by  the  rocket 
near  a charge  cell.  If  conditions  were  favorable,  a lightning  was 

developed. 


For  this  experiment,  a tethered  balloon  was  placed  over  the 
launching  area  approximately  at  500  meters  height  (See  figure  4).  A 
Lightning  Strike  Object  (LSO)  was  suspended  from  the  balloon.  The 
LSO  had  inside  all  sorts  of  instrumentation  to  study  the  effects  of  a 
lightning  strike  in  space  in  the  absence  of  ground. 


Also,  an  Electric  Field  Mill  (EFM)  was  suspended  from  the  balloon 
about  100  feet  from  it  to  measure  the  space  charge  above  the 
triggering  site.  At  same  time,  there  were  several  EFM  in  the  triggering 


259 


area.  There  was  one  over  the  caboose  (control  room),  other  over  the 
water  (in  the  lagoon),  other  near  the  Atmospheric  Science  Field 
Laboratory  building,  and  many  others  over  the  KSC  and  Cape  Canaveral 
area. 


In  addition  to  electric  field  measurements,  wind  velocity  and 
direction  and  amount  of  precipitation  were  recorded  to  correlate  all 
this  data  to  the  triggered  lightning  phenomena. 


Nearby  the  triggering  site,  there  was  a distribution  power  line 
(See  figure  5).  This  line  was  not  energized.  The  end  sides  of  this  line 
were  terminated  with  resistors  equal  to  the  characteristic  impedance 
of  it  to  avoid  reflections.  A wave  form  recorder  was  connected  to  the 
top  phase  of  the  line  in  order  to  record  induced  voltages  and  currents 
at  the  line  due  to  natural  or  triggered  lightnings.  Also  induced  voltages 
and  currents  were  recorded  using  a resistor  voltage  divider,  a Pearson 
coil,  digital  oscilloscope,  waveform  recorder,  and  digital  computer. 


description  of  work 


ELECTRIC  FIELD  MILL  CALIBRATION 

The  first  phase  of  this  experiment  was  to  set  up  the  Electric 
Field  Mills  to  be  operative.  The  EFM  network  was  used  to  monitor 
charge  cells  over  the  triggering  site,  (see  description  of  an  EFM 

appendix  1). 

Each  EFM  was  required  to  be  cleaned  and  calibrated.  To  clean  the 
EFM  it  was  disconnected  from  its  power  supply  and  both  the  stator  an 

rotor  blades  were  thoroughly  cleaned  with  a f "'f  j;“i;7bwe; 

if  reouired  To  calibrate  an  EFM  it  was  required  a high  voltage  power 
supply;  a conducting,  30  cm  diameter,  round,  flat,  reinforced  P at®,  and 
a d^ital  voltmeter  (See  figure  6).  The  conducting  plate 
cms  above  the  ground  surfaces  and  voltages  of  +1 ,000  and  -1 ,000  vvere 
applied  to  the  plate.  The  output  of  the  EFM  was  monitored  and  adjusted 
robtaira  reading  of  2.5  volts.  The  mil,  output  voltage  was  convert  d 

to  electric  fields  in  volts  per  meter  (V/m)  by  multiply  ng 

2.5  volts  reading  was  equivalent  as  having  an  electric  field  of  3750 

V/m.  Also,  magnets  were  aligned  to  make  the  pick-up 

coincide  with  the  peak  of  the  sinusoidal  output  voltage  of  the 

inverted  stator  plate  segments. 

All  EFM  were  connected  to  a multi  channel  strip  chart  recorder  to 
obtain  a visual  reading  of  the  electric  field  over  the  launching  area. 
The  multi  channel  strip  chart  was  also  calibrated. 
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ELECTRIC  FIELD  MILL  SYSTEM  CALIBRATION 

The  Electric  Field  Mill  System  as  a whole  system  needs  to  be 
calibrated  also  in  order  to  obtain  correct  electric  field  measurements. 
Calibration  is  accomplished  by  placing  either  a conducting  plate  of 
enough  diameter  or  a long  horizontal  conductor  over  each  Field  Mill,  one 
at  a time.  A variable  DC  high  voltage  power  supply  is  connected  to  the 
conductor  or  plate.  The  distance  from  the  conductor  or  plate  to  ground 
is  recorded.  The  output  voltage  of  the  Filed  Mill  is  recorded  for 
different  values  of  DC  voltage  applied.  It  is  expected  a linear  relation 
between  the  applied  voltage  and  the  E.F.M.  output. 


Launa  Maiers  from  NASA/Computer  System  Corporation  came  with 
the  idea  of  doing  system  calibration  using  a cage  as  shown  in  figure  7. 
This  cage  is  one  meter  long  in  all  directions  (one  cubic  meter)  with  a 
conducting  screen  in  the  top.  It  also  has  seven  copper  conductors  at 
equal  spacing  and  interconnected  with  two  15  megohms  resistors  in 
series.  (See  figure  7).  The  top  screen  is  also  connected  to  the  top  most 
conductor  through  two  15  megohms  resistors  in  series.  The  lower 

conductor  is  connected  to  ground  through  two  15  megohms  resistors  in 
series. 


To  perform  the  calibration,  the  cage  is  positioned  as  shown  in 
figure  8 and  the  DC  high  voltage  power  supply  is  connected  between  the 
top  screen  and  ground.  The  conductors  and  resistors  will  make  the 
voltage  gradient  to  vanish  uniformly  from  maximum  at  the  top  screen 
to  zero  at  ground  level.  In  this  way,  there  will  be  no  side  effect  from 
objects  near  the  Electric  Field  Mill. 


The  method  was  used  on  an  E.F.M.  near  the  A.S.F.L.  building  (See 
figure  9).  A variable  power  supply  was  connected  between  the  top 
screen  and  ground.  A digital  voltmeter  was  connected  to  the  output  of 
the  Field  Mill,  and  other  between  the  conductor  near  to  ground  and 
ground.  This  last  voltmeter  was  suppose  to  be  reading  1/8  of  the 
electric  field  value.  A high  voltage  probe  was  used  to  measure  the 
voltage  at  the  top  screen  (electric  field  value).  The  experiment  was 
performed  three  times.  Results  are  tabulated  in  Tables  1,  2.  and  3. 

Results  were  arranged  on  graph  form  (graphs  1 to  9).  The  relation 
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between  field  values  and  field  mill  output  seems  to  be  quite  linear. 
However,  the  intercept  (output  value  at  field  equal  to  zero)  is  not  zero. 
Also  the  relation  between  tap  voltage  and  output  voltage  is  not  linear. 
Electric  field  value  is  not  the  tap  voltage  multiplied  by  8 as  expected. 

During  the  experiment  it  was  observed  that  when  a person  walked 
near  the  set  up,  about  5 feet  or  less,  the  output  voltage  from  the 
Electric  Field  Mill  decreased.  However,  the  voltage  at  the  top  screen 
seemed  to  be  constant. 


DISTRIBUTION  POWER  LINE 


After  the  EFM  network  was  working  properly,  the  set  up  for  the 
distribution  power  line  near  the  launching  pad  (see  figure  5)  was  done. 
Line  terminators,  Pearson  coil,  and  a voltage  divider  were  devised  for 
current  and  voltage  measurements. 


Six  500  ohms  high  voltage  resistors  were  used  as  line 
terminators,  one  for  each  phase  and  at  each  end  of  the  line  (see  figure 
5).  These  terminators  prevents  for  current  and  voltage  surges  from 
bouncing  from  terminal  to  terminal  at  the  power  line.  Surge  bouncing 
changes  substantially  the  voltage  and  current  wave  form. 


For  voltage  measurements,  a voltage  divider  consisting  of  one  5.5 
Kohms  high  voltage,  five  1.1  Kohms  medium  voltage,  and  one  3 ohms 
low  voltage  resistor  were  used  (see  figure  10). 

The  resistors  were  ordered  to  Lightning  Technology  Inc.  Due  to 
the  special  application,  they  had  to  be  manufactured  and  a 13  weeks 
delay  was  anticipated.  Meanwhile,  low  voltage  resistors  were  put 
together  to  obtain  the  required  values.  Resistors  and  Pearson  coil  were 
installed  as  shown  in  figure  5.  The  wave  form  recorders  and  the  line 
terminators  were  connected  to  the  distribution  power  line. 

Outputs  from  the  voltage  divider  and  from  the  Pearson  coil  were 
connected  to  optical  transmitters  as  shown  in  figure  11.  Fiber  optics 
connected  the  transmitter  to  the  receivers  at  the  caboose.  The 
receivers  are  inputs  to  digital  oscilloscopes.  The  digitized  signals  are 

input  to  a wave  form  recorder.  Finally,  voltage  and  current  signals  are 
stored  in  a computer. 
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STORM  DETECTOR 


The  Electric  Field  Mill  located  over  the  caboose  is  connected  to 
what  is  called  a Storm  Detector.  This  equipment  was  set  up  by  The 
Centre  D'Estudes  Nucleares  De  Grenoble  (CENG)  in  summer  1987.  It 
displays,  in  digital  form,  the  electric  field  readings  over  the  launching 
area.  Also,  it  display  in  a paper  strip  in  numerical  form,  the  actual 
time  (hour,  minutes,  and  seconds)  when  the  electric  field  changes  + or  - 
1 Kv/m  or  more  and  the  new  electric  field  value.  It  displays  values  of 
+ or  - 1 to  9 corresponding  to  field  values  + or  - over  2 to  10  Kv/m 
respectively. 

An  analysis  of  the  data  obtained  from  the  Storm  Detector  was 
done  using  Multiplan.  Results  are  shown  in  Appendix  II.  From  the 
analysis  it  was  obtained  the  amount  of  time  in  seconds  that  the 
electric  fields  were  over  + Or  - 2 to  10  Kv/m  during  a 24  hour  period. 

When  there  is  a sudden  change  in  the  electric  field,  the  Storm 
Detector  prints  an  ORAGE  alarm.  It  means  that  a lightning  was 
detected.  For  purpose  of  assigning  an  electric  field  value  to  the  amount 
of  time  that  the  ORAGE  alarm  was  in  effect,  the  field  value  previous 
to  the  alarm  was  used.  It  is  observed  that  if  the  continuous  field  value 
changes  during  the  alarm  period,  it  is  interrupted  and  the  new  field 
value  is  printed.  So  the  criteria  used  to  assign  the  field  value  is 
completely  logical. 

By  connecting  a strip  chart  to  the  same  Electric  Field  Mill  where 
the  Storm  Detector  is  taking  data,  it  was  detected  that  every  time  the 
Storm  Detector  printed  an  ORAGE  alarm  a sudden  spike  was  recorded 
at  the  strip  chart.  However,  those  spikes  seemed  to  be  produced  by  a 
source  other  than  the  field.  It  seems  to  be  noise  produced  by  other 
equipment  at  the  caboose.  Spikes  are  approximately  of  the  same 
magnitude  and  equal  time  space,  perhaps  produced  by  the  air 
conditioning  equipment. 
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ELECTRONIQUE  E.F.M. 


The  electric  field  mill  over  the  caboose  was  furnished  and 
installed  by  the  French  people  from  C.E.N.G.  in  summer  1987.  This  E.F.M. 
was  in  continuous  operation  from  that  day  up  to  this  day  without  any 
kind  of  maintenance.  In  order  to  check  If  the  instrument  was  working 
properly,  a recently  calibrated  E.F.M.  was  obtained  from  Pan  Am  and 
installed  near  the  caboose.  Both  field  mills  were  connected  to  a dual 
channel  strip  recorder  and  electric  field  data  was  recorded  for  several 
days,  including  several  thunderstorms. 

The  results  of  this  experiment  can  be  summarized  as  follows. 
The  electric  fields  readings  of  both  instruments  were  almost  identical. 
The  Electronique  field  mill  readings  were  a little  more  higher  due  to 
the  higher  location  (this  mill  was  over  the  caboose  about  13  feet  over 
ground  level).  The  response  of  both  field  mills  to  changes  in  the 
electric  field  were  similar. 

Another  E.F.M.  of  the  type  used  at  KSC  was  installed  near  the  ASFL 
building  on  summer  1987.  It  was  kept  running  without  been  connected 
to  any  record  system  up  to  June  of  this  year.  It  was  retired  of  operation 
for  repair  (replacement  of  the  ball  bearings,  low  pass  filter,  grounding 
brush,  and  operational  amplifiers  card).  It  was  required  to  refurbish  it 
completely. 

It  seems  that  the  Electronique  electric  field  mills  requires  less 
maintenance  that  the  ones  used  now  by  KSC. 


DATA  ACQUISITION  SYSTEM 


A data  acquisition  system  will  be  used  to  record  data  obtained 
from  1988  Rocket  Triggered  Lightning  Program.  Data  will  be  recording 
according  to  the  following  table. 


1 . one  E.F.M.  over  the  caboose 

2.  one  E.F.M.  in  land 

3.  one  E.F.M.  in  water 

4.  one  airbone  E.F.M.  at  the  balloon 

(two  components) 

5.  wind  speed 

6.  wind  direction 

7.  rain  gauge 

8.  timing 

When  the  1988  RTLP  finishes  at  the  end  of  the  summer,  all  data 
gathered  with  this  system  and  that  obtained  from  the  H.P.  system  will 
be  transferred  to  floppy  disks  and  sent  to  the  University  of  Puerto  Rico 
for  further  analysis.  Correlation  of  data  and  characterization  of 

lightnings  could  be  done. 

Since  the  School  of  Engineering  of  the  University  of  Puerto  Rico 
prepared  a proposal  to  the  National  Science  Foundation  to  devise  a 
Lightning  Locating  System  and  an  Electric  Field  Mill  System,  the 
analysis  of  data  as  obtained  from  this  year  experiment  could  be  the 
starting  point  to  sustain  that  proposal. 

No  mater  what  happens  with  the  proposal  to  NSF,  the  University 
of  Puerto  Rico  will  start  collecting  weather  data.  As  part  of  the 
Technology  Transfer  Program  from  NASA  to  the  University  of  Puerto 
Rico,  it  might  be  possible  to  take  borrowed  some  electric  field  mill^s, 
rain  buckets,  and  the  data  acquisition  system  to  initiate  the 
atmospheric  research  in  Puerto  Rico.  Since  the  ASFL  is  active  only  from 
July  to  September,  that  equipment  is  not  used  for  almost  ten  month. 


range 

+/-  2 volts 
+/-  2 volts 
+/-  10  volts 
+ /-  5 volts 
+ /-  5 volts 

10  volts 

11  volts 
9 volts 
2 volts 


26 


CONCLUSIONS 


The  equipment  to  collect  data  for  the  1988  Rocket  Triggered 

Lightning  Program  was  set  up.  Data  collection  will  begin  at  the  first 

weeks  of  August  and  will  be  extended  up  to  the  end  of  September. 

So,  up  to  the  date  of  this  report,  August  5,  no  data  is  available  to 

be  included  on  it.  Data  will  be  gent  at  the  end  of  the  RTLP  to  the 

University  of  Puerto  Rico.  All  this  data  will  be  analyzed  and  a report 
will  be  prepared.  The  report  will  be  sent  to  Mr.  William  Jafferis  to 
NASA/Kennedy  Space  Center  to  compare  our  findings  with  those  from 
other  researchers.  A copy  of  this  report  will  also  be  sent  to  Dr.  Loren  D. 
Anderson  to  the  University  of  Central  Florida  to  be  included  as  an 
appendix  to  this  report. 
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APPENDIX  I 


ELECTRIC  FIELD  MILL 

A.  Principle  of  Operation 

The  earth  is  considered  a conductor  and,  therefore,  static  electric 
fields  will  be  perpendicular  to  the  earth's  surface.  If  a metal  plate  is 
suspended  above  the  earth  and  connected  to  the  earth  by  a conductor 
and  a resistor  as  shown  in  figure  12,  any  overhead  negative  (or 
positive)  field  will  cause  plus  (or  minus)  charge  to  move  into  the  plate 
until  the  field  bellow  it  is  zero. 

If  another  metal  plate  is  suspended  over  this  plate  and  also 
connected  to  earth  by  a conductive  wire,  plus  (or  minus)  charges  will 
flow  into  it  until  the  field  below  it  is  zero.  This  will  release  the 
charge  on  the  lower  plate  and  this  charge  will  flow  back  to  the  earth 
as  illustrated  in  figure  13.  If  this  upper  plate  were  to  continuously 
cover  and  uncover  the  lower  plate,  charges  would  continuously  flow 
back  and  forth  though  the  resistor.  This  current  flowing  though  the 
resistor  can  be  measured  as  the  resulting  voltage  across  the  resistor. 
The  magnitude  of  this  voltage  would  be  proportional  to  the  magnitude 
of  the  overhead  field.  This  principle  affords  a method  of  constructing 
an  electric  strength  meter.  This  is  the  principle  upon  which  the 
Electric  Field  Mills  measure  electric  fields. 

In  figure  14,  it  is  shown  the  shape  of  the  upper  plate  as  seen  from 
the  top.  It  looks  like  a Dutch  windmill  and,  maybe  that  is  the  reason 
they  are  called  field  mills.  These  top  plates  or  rotor  rotates  at  1800 
R.P.M.  The  bottom  plate  or  stator,  is  made  up  of  eight  pie  shape 
segments  (see  figure  15).  Every  other  segment  is  connected  electrically 
and  each  four  segments  are  grounded  through  a separate  resistor  to 
ground  (See  figure  16).  At  certain  position,  the  rotor  will  exactly  cover 
four  stator  segments  leaving  four  segments  fully  exposed  to  overhead 
electric  fields.  For  the  four  segments  covered,  charge  will  flow  out 
through  their  resistor  and  for  the  four  exposed  segments,  charge  flows 
into  the  plates  through  their  resistor.  Each  rotation  the  rotor  exposes 
or  covers  a stator  segment  plate  four  times.  Therefore,  a stationary 
overhead  electric  field  will  produce  a 120  cycle  per  second  alternating 
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voltage  across  both  resistors.  In  order  for  the  differential  amplifier  to 
know  the  polarity  of  the  overhead  field  or  voltage  phase,  a sensor  must 
know  the  position  of  the  rotor,  or  when  a set  of  four  blades,  or  the 
other,  are  being  covered.  This  is  accomplished  by  small  magnets 
attached  to  the  rotor  shaft  and  a pick*up  coil  that  senses  the  magnetic 
field  generated  (see  figure  18). 

Since  the  induced  currents  in  the  resistors  are  proportional  to  the 
overhead  field,  the  field  mills  have  to  be  calibrated  in  order  to  make  a 
quantitative  measurement  of  the  field.  The  constant  of  proportionality 
is  partially  dependent  on  the  "form  factor"  of  the  field  mill.  Ambient 
fields  are  altered  or  distorted  when  metallic  conductors  are  placed 
into  their  field  region.  Metallic  conductor  will  enhance  electric  fields 
(see  figure  17),  in  their  general  area  and  in  particular,  at  sharp  points 
or  edges  of  the  conductor  where  induced  charges  collect. 

To  calibrate  the  electric  field  mill,  a known  uniform  electric 
field  must  be  available.  This  can  be  accomplished  by  placing  a flat 
metallic  plate  over  the  mill  and  charging  it  to  a known  voltage  value 
(See  figure  18).  Assuming  a parallel  plate  capacitor  between  the 
calibration  plate  and  the  earth,  the  electric  field  can  be  calculated  and 
from  this  the  scale  factor  for  the  mill  can  be  calculated. 

After  the  current  through  the  resistors  has  been  detected  and 
rectified,  it  is  smoothed  out  by  means  of  a low  pass  filter.  Field 
changes  having  a rise  time  in  excess  of  0.1  second  are  filtered  out. 
Changes  faster  than  this  occur  during  lightning  discharges. 
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STORM  DETECTOR 


At  the  top  of  the  caboose  there  is  installed  an  Electnc  Field 
Mill  This  field  mill  is  connected  to  what  is  called  a Storni  Detector. 
This  detector  prints  the  time  of  the  day  when  the  electric  field  changes 
+/-  1 KV  or  more  and  the  electric  field  value.  It  also  prints  OR 
when  the  field  changes  abruptly.  The  print  will  be; 


print 


field  value  is  greater  than 


5 

4 

3 

2 

1 

-1 

-2 

-3 

-4 

-5 


6 KV 
5 KV 
4 KV 
3 KV 
2 KV 

field  value  is  less  than 

-2  KV 

-3  KV 

-4  KV 

-5  KV 

-6  KV 


OR4GE 


sudden  change 


One  day  of  data  from  this  Storm  Detector  is  summarized  on 
tables  4 to  11.  On  these  tables,  data  was  analyzed  and  is  presented  as 
the  total  amount  of  time  that  the  field  value  exceeds  certain  field 
value  during  a storm.  On  graph  10  it  is  shown  the  time  distribution  of 

electric  field  during  the  storm. 
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FIGURES 


272 


distribution 
POWER  LINE 


ATMOSPHERIC  SCIENCE  FIELD  LABORATORY 
FIGURE  1 
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ROCKET  TRIGGERED  LIGHTNING  SITE 
FIGURE  2 
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ROCKET  WITH  SPOOL  OF  WIRE 
FIGURE  3 
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KSC  / NRL  AFWAL  / ONERA  - CENG 
FIGURE  4 
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distribution  power  line  configuration 

(NOT  TO  SCALE) 

FIGURE  5 


CALIBRATION  PLATE 


POWER  SUPPLY 


ELECTRIC  FIELD  MILL  CALIBRATION 
FIGURE  6 


278 
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conductors 


SIDE  VIEW 


E.F.M.  CALIBRATION  CAGE 
FIGURE  7 
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a. 

E I- 

s g 

O X 
H Q 


it  CD 


O ^ 
QC 

5 3 
£ = 


X o g 

Q < ^ 

X □ X 

Vw§ 


E.F.M.  OUTPUT  VOLTAGE 


TERMINATORS  AND  VOLTAGE  DIVIDER 
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TERMINATOR 


POLE  NO.  6 
DIST.  POWER  LINE 
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INDUCED  VOLTAGES  AND  CURRENTS  AT 
THE  DISTRIBUTION  POWER  LINE 
FIGURE  11 
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FIGURE  12 


ft  f f f f ft f ft 


/-V  'ea6th'  / ^ ^ / 


FIGURE  13 
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ROTOR 


FIGURE  14 


UPPER  METAL 
BLADE  ROTATES 
AT  1800  R.P.M. 
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EARTH  GROUND 


A STATOR  BLADES 


B STATOR  BLADES 


FIGURE  16 


ELECTRIC  FIELD  TO  BE  MEASURED 


FIGURE  17 
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CALIBRATION 

PLATE 


figure  18 


TABLES 


B I C I P 


ELECTRIC  FIELD  MILL  CALIBRATION 


PLATE  VOLT. 


KV 


4.0 


5.0 


6.0 


7.0 


8.0 


9.0 


10.0 


11 .0 


13.0 


14.0 


15.0 


16.0 


17.0 


18.0 


19.0 


20.0 


21.0 


22.0 


23.0 


24.0 


MEASURED 


VOLTAGE 


OUTPUT 


VOLTAGE 


CALC.  OUTP. 


VOLTAGE 


41 .00 


48.00 


55.00 


61 .00 


67.00 


72.00 


77.00 


87.00 


91.00 


95.00 


98.00 


104.00 


107.00 


112.00 


115.00 


118.00 


122.00 


126.00 


129.00 


6.016 


6.400 


6.825 


7.155 


2.357 


2.802 


3.248 


3.694 


39 


4.585 


5.030 


76 


5.922 


6.367 


6.813 


9.032 


9.467 


9.898 


10.389 


10.800 


9.041 


86 


9.932 


10.823 


ERROR 


VOLTAGE 


0.145 


0.070 


0.034 


0.055 


0.101 


0.019 


0.023 


-0.027 


0.095 


0.033 


0.012 


03 


0.042 


8 


-0.009 


9 


-0.034 


2 


-0.023 
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PLATE  VOLT. 


KV 


MEASURED 


VOLTAGE 


OUTPUT  CALC.OUTP. 


VOLTAGE  I VOLTAGE 


ERROR 


VOLTAGE 


0.00 


0.000 


7.0 


8.0 


9.0 


10.0 


11.0 


44.00 

2.493 

2.532 

-0.039 

51.00 

3.002 

2.983 

0.019 

56.00 

3.410 

3.433 

-0.023 

61.00 

3.847 

3.883 

-0.036 

66.00 

4.264 

4.333 

-0.069 

73.00 

4.823 

4.783 

0.040 

78.00 

5.273 

5.234 

0.039 

83.00 

5.772 

5.684 

0.088 

86.00 

6.109 

6.134 

-0.025 

91.00 

6.544 

6.584 

-0.040 

95.00 

6.985 

7.034 

-0.049 

99.00 

7.363 

-0.122 

7.985 


18.0 

109.00 

8.400 

8.385 

0.015 

22 

19.0 

8.900 

8.835 

0.065 

23 

20.0 

115.00 

9.320 

9.285 

0.035 

21.0 

117.00 

9.770 

9.736 

0.034 

25 

22.0 

121 .00 

10.200 

10.186 

0.014 

26 

23.0 

125.00 

10.660 

10.636 

0.024 

BM 

24.0 

10.990  1 

11.086 

-0.096 

28 

25.0 

132.00 

10.990 

11.536 

-0.546 

290 
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1 
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2 

HH 

MM 

ss 

Value 

sec 

orage 

num 

3 

17 

1 

0 

99 

4 

17 

3 

9 

-1 

69 

0 

0 

Total  of  seconds  electric  field  was 

5 

17 

3 

13 

96 

65 

65 

6 

greater  than  6 Kv  

0 

6 

17 

4 

18 

-1 

26 

0 

0 

IB 

17 

4 

34 

92 

10 

10 

2 

greater  than  5 Kv  

0 

8 

17 

4 

44 

-1 

40 

0 

0 

9 

17 

5 

1 

92 

23 

23 

2 

greater  than  4 Kv  

0 

1 0 

17 

5 

24 

-2 

20 

0 

0 

1 1 

17 

5 

28 

92 

16 

16 

2 

greater  than  3 Kv  

0 

12 

17 

5 

44 

-1 

30 

0 

0 

13 

17 

5 

55 

92 

19 

19 

2 

greater  than  2 Kv  

0 

14 

17 

6 

14 

-1 

23 

0 

0 

15 

17 

6 

21 

92 

16 

16 

2 

greater  than  1 Kv  

0 

1 6 

17 

6 

37 

-2 

45 

0 

0 

1 7 

17 

6 

48 

94 

34 

34 

4 

greater  than  0 Kv  

0 

16 

17 

7 

22 

-2 

22 

0 

0 

19 

17 

7 

43 

91 

1 

1 

1 

greater  than  -1  Kv  

867 

20 

17 

7 

44 

-1 

6 

0 

0 

21 

17 

7 

45 

91 

5 

5 

1 

greater  than  -2  Kv  

551 

22 

17 

7 

50 

-1 

12 

0 

0 

23 

17 

8 

2 

-2 

22 

0 

0 

greater  than  -3  Kv  

235 

IBI 

17 

8 

10 

92 

14 

14 

2 

25 

17 

6 

24 

-1 

30 

0 

0 

greater  than  -4  Kv  

34 

26 

17 

8 

37 

92 

17 

17 

2 

IB 

17 

8 

54 

-1 

9 

0 

0 

greater  than  -5  Kv  

I 

6 

28 

17 

9 

3 

-2 

15 

0 

0 

29 

17 

9 

4 

92 

14 

14 

2 

greater  than  -6  Kv  

0 

ill 

17 

9 

18 

-2 

26 

0 

0 

31 

17 

9 

31 

92 

13 

13 

2 

32 

17 

9 

44 

-1 

15 

0 

0 

Total  of  seconds  of  orages  ... 

301 

[ 

33 

17 

9 

58 

91 

1 

1 

1 

B 

17 

9 

59 

-1 

5 

0 

0 

Number  of  orages  

42 

35 

17 

10 

0 

91 

4 

4 

1 

36 

17 

10 

4 

2 

10 

0 

0 

B 

17 

10 

14 

-3 

15 

0 

0 

38 

17 

10 

25 

92 

4 

4 

2 

39 

17 

10 

29 

-3 

13 

0 

0 

17 

10 

42 

•4 

6 

0 

0 

17 

10 

48 

-1 

29 

0 

0 

B 

17 

10 

52 

92 

25 

25 

2 

B 

17 

1 1 

17 

-1 

12 

0 

0 

B 

17 

1 1 

26 

92 

3 

3 

2 

B 

17 

11 

29 

'2 

41 

0 

0 

B 

17 

11 

53 

__92_ 

17 

17 

2 

B 

17 

12 

10 

-1 

10 

0 

0 

17 

12 

20 

92 

0 

2 

B 

in 

51 

852 

TABLE  4 

52 

292 


25  1 17 


26  17 


17 


28  I 17 


29 


ss 

20 

Value 

92 

40 

58 

-1 

91 

58 

-1 

58 

1 

59 

93 

39 

1 

51 

92 

16 

-1 

18 

92 

27 

-2 

36 

-1 

45 

92 

23 

•1 

40 
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54 

-1 

57 

92 

10 

-1 

25 
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_! 

8 

47 


9 

28 
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31 
43 
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20 
28  27 


35 


36  I 17 


29  48 

30  19 

30  20 

24 
26 
46 
14 
16 
42 
32  45 
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18 

0 

0 

41 

40 

37 

25 

11 

9 

9 

47 

30 

271 

254 

16 

13 

231 

216 
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41 

19 
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72 

37 
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75 

68 

44 

31 

5 

4 

4 

^ 46 
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* 3 

] 33 
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13 
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25 
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Abstract 


The  graphical,  intelligence  and  assistance  capabilities  of  a human-computer 
interface  for  the  Test,  Control,  and  Monitor  System  at  Kennedy  Space  Center 
are  e:^lored.  The  report  focuses  on  how  a particular  commercial  off-the-shelf 
^phical  software  package.  Data  Views,  can  be  used  to  produce  tools  that  build 
widgets”  such  as  menus,  text  panels,  graphs,  icons,  windows,  and  ultimately 
complete  interfaces  for  monitoring  data  from  a application;  controlling  an  ap- 

p ication  y providing  input  data  to  it;  and  testing  an  application  by  both 
momtonng  and  controlling  it. 


building  interfaces  is  described  in  a manual  for  the 
TCMS  toolkit.  Simple  tools  create  primitive  widgets  such  as  lines,  rectangles  apd 
text  strings.  Intermediate  level  tools  create  pictographs  from  primitive  widgets 
^d  cornet  presses  to  either  text  strings  or  pictographs.  Other  tools  create 
input  objects;  DataViews  supports  output  objects  directly,  thus  output  objects 
^e  not  com^er^.  Finally,  a set  of  utilities  for  executing,  monitoring  use, 
editing,  and  displaying  the  content  of  interfaces  is  included  in  the  toolkit. 

The  related  concepts  of  intelligence  ajid  assistance  are  explored.  An  HCI  can 
be  intelligent  by  obeying  human  factors  guidelines;  havin^owledge  of  the  ap- 
phcation  It  IS  ^ng;  anticipating  its  future  states;  an^  by  configuring  itself  to 
the  abihty  of  the  operator.  Help  for  the  operator  is  provided  at  maiiy  levels  with 
he  toowledge  possessed  by  the  interface  guiding  the  operator  to  relevant  ^nd 
timely  information.  Methods  of  integrating  inteUigence  and  operator  distance 
into  the  graphics  module  of  the  interface  are  presented. 

Recommendations  for  how  to  proceed  with  the  implementation  of  the  TCMS 
toolkit  are  given. 
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1.  Introduction 


This  report  describes  the  design  of  an  intelhgent  human-computer  interface 
(iHCI)  for  the  Test,  Control,  and  Monitor  System  (TCMS)  at  NASA  Kennedy 
Space  Center.  The  TCMS  interface  will  interact  with  hardware  being  developed 
as  part  of  the  space  station  project.  Briefly,  the  interface  is  graphics  based,  uses 
intelligence  when  interacting  with  the  operator,  and  provides  a comprehensive 
help  facility  based  on  textual,  graphical  and  audible  information. 

The  TCMS  interface  is  not  a static  object,  indeed  the  hardware  to  be  tested, 
monitored,  or  controlled  1im  yet  to  be  designed  or  specified.  The  interface  built 
will  need  to  be  modified  dynamically  as  hardware  and  applications  that  inter- 
act with  the  hardware  are  built  and  written.  This  lack  of  specification  forces 
abandoning  the  idea  of  creating  a static  interface  designed  for  one  purpose,  and 
requires,  almost,  the  use  of  a magical  incantation  to  the  effect,  “create  an  in- 
terface with  a given  menu  structure,  system  message  area,  icons,  and  graphical 
input  devices,  and  oh,  by  the  way,  use  this  knowledge  about  graphics  and  the 
application,  and  supply  this  help  information  when  the  operator  fmls  to  under- 
stand or  needs  clarification.”  Thus,  much  of  this  report  deals  with  specifications 
for  tools  which  can  be  used  to  invoke  this  incantation  and  thereby  create  a 
complex  interface  from  a set  of  simple  resources,  or  “widgets.” 

The  report  focuses  on  the  graphics  portion  of  the  interface,  presents  require- 
ments and  a preliminary  design  for  the  TCMS  interface,  and  discusses,  less 
formally,  features  of  the  interface  which  are  beyond  the  scope  of  this  document, 
that  is,  the  “knowledge  . . .,  ajid  . . . help  information.” 

The  report  is  organized  by  four  main  concerns:  monitoring  output  from 
a process,  providing  input  to  a process,  creating  a human-computer  interfaice 
from  basic  parts,  and  using  a human-computer  interface.  These  concerns  are 
discTissed  in  chapters  on  graphics,  intelligent  human-computer  interfaces,  and 
help  facilities  for  the  interface. 
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In  addition,  a set  of  manual  pages  describes  the  facilities  and  tools  which 
comprise  the  TCMS  interface  software  package.  These  descriptions  serve  to 
define  the  interface  by  specifying  the  tools  used  to  build  and  manipulate  the 
interface. 

Below,  general  requirements  for  the  interface  are  given.  These  high-level  re- 
quirements represent  broad  guidelines  which  must  be  following  in  developing  the 
interface.  More  specific  requirements  are  presented,  as  appropriate,  throughout 
the  report. 

1.1.  General  Requirements 

There  are  numerous  requirements  for  any  human-computer  interface;  far  too 
many  to  list  in  this  report,  see  [6].  However,  there  are  certain  requirements 
which  need  to  be  discussed. 

A major  requirement  is  that  the  TC^4S  interface  obey  the  guidelines  specified 
in  the  Space  Station  Information  System  Human-Computer  Interface  Guide  [6]. 
This  document  provides  expert  knowledge  on  the  design  of  human-computer 
inter&ces.  Certain  of  these  guidelines  are  rules  which  should  not  be  violated 
while  others  are  only  recommendations. 

Another  requirement  is  that  the  operator  should  be  able  to  customize  the 
interface  to  his  or  her  own  liking.  For  example,  the  user  should  be  able  to  move, 
resize,  and  change  the  color  of  objects  on  the  screen.  When  an  operator  modifies 
the  interface,  the  SSIS  HCIG  gmdelines  should  not  be  violated. 

Since  the  hardware  and  application  software  with  which  the  interface  will 
interact  is  unspecified,  the  interface  should  be  extensible,  allowing  new  features 
to  be  added  or  old  features  to  be  altered  as  the  TCMS  system  is  developed. 

The  interface  should  be  portable  to  many  different  workstations  with  high 
resolution  bit-mapped  graphics  displays.  The  interface  will  be  written  in  the  C 
programming  language  and  run  under  the  UNIX  operating  system.  The  interface 
should  run  under  the  control  of  a windowing  system  such  as  the  X window 
system. 

The  interface  should  provide  appropriate  information  to  the  operator.  This 
help  may  vary  from  simple  panels  showing  the  currently  available  options,  to 
pages  from  a manual,  to  schematics  of  a system.  Audible  sovmds  should  also  be 
used  to  alert  and  inform  the  operator.  The  operator  should  be  able  to  easily 
navigate  through  a complex  structure  of  information,  skipping  unnecessary  data 
and  focusing  only  on  the  information  selected  as  relevant.  The  interface  itself 
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should  help  the  operator  in  this  traversal  of  information. 

The  interface  should  be  constructed  using  commercial  off-the-shelf  tools.  The 
design  of  this  interface  is  quite  ambitious,  and  clearly,  starting  from  scratch 
woidd  make  it  nearly  impossible.  If  the  interface  is  to  be  implernented  then 
it  is  essential  that  appropriate  interface  building  tools  be  used  T^ee  basic 
tools  identified  in  the  report  are:  a graphics  based  tool  to  provide  the  widgets 
comprising  the  interface,  an  expert  system  to  incorporate  intelhgence  into  the 
interface,  and  a hypertext  back-end  to  create  a multi-hnked  help  facihty  con- 
taining textual  and  graphical  information.  Before  a complete  specification  of  the 
interface  can  be  given  each  of  these  basic  tools  needs  to  be  selected^  The  present 
discussion  focuses  on  the  graphics  portion  of  the  interface.  V.  I.  Corporation 
DataViews  software  package  has  been  selected  for  implementing  the  graphics 
module  of  the  interface.  Some  discussion  of  the  AI  tools  and  hypertext  tools 

needed  is  given  in  §3  and  §4,  respectively.  • n i r i 

To  understand  what  the  requirements  for  the  TCMS  might  be,  it  is  helpful 
to  consider  example  scenarios  for  monitoring,  controlling,  and  testmg  hardware. 
There  are  two  fundamental  problems  stated  in  the  scenarios.  First,  how  can 
a interactive  graphical  interface  be  created  from  simple  primitive  objects,  ^d 
second  what  features  should  be  included  in  the  interface  to  make  it  a useful, 
flexible  tool?  These  scenarios,  presented  in  the  foUowmg  sections,  provide  an 
informal  specification  for  the  capabilities  needed  in  the  graphics  module. 


1.2.  Development  and  Use  of  the  Interface 

This  section  presents,  informally,  four  simple  scenarios  which  could  occur  in  the 
development  and  use  of  the  TCMS  interface.  The  focus  of  the  scenarios  is  on 
the  graphic  capabilities  of  the  system.  To  understand  what  the  requirements  for 
the  TCMS  interface  might  be,  it  is  helpful  to  consider  how  one  imght  monitor, 
control  and  test  hardware,  and  how  an  operator  will  use  the  interface  once  it  is 
available.  The  scenarios  discuss  creation  of  graphical  input  and  output  objec  s, 
merging  such  objects  into  complex  objects,  and  the  static  and  dynamic  alteration 

of  the  objects  by  an  operator. 

1.2.1.  Monitoring  Applications 

Consider  an  application  programmer  who  has  just  written  a program  to  monitor 
pressure  at  a valve.  When  executed,  the  program  produces  a stream  of  floating 
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pomt  nun^  directed  to  the  standard  output  device.  One  would  like  to  connect 
th^  rf  to  a meter  so  that  the  pressure  can  be  “seen”  by  an  operator  of 

the  mterfece.  In  addition,  one  might  want  to  store  infonnation  about  the  valve 
e.g.  1 s n^e,  speciHcations,  schematic,  purpose,  and  so  on.  This  information 

LTeite^Teir  ~ ^ 

ing  the  meter,  a m^  of  connecting  the  output  of  the  valve  prograii  to 
o^LZ'd*^^  'f  information  about  the  valve.  The  icon,  valve  motoring 
cX^d*^!  connecting  them,  and  the  information  dies  should  b! 

i^teriS.  >>'  tadodnd  in  a more  complex 

c»ti!lr“’  “ W>icn«on  that  requires  input  data  rather  than  an  appli- 

cation  producing  output. 

1*2«2«  Controlling  Applications 

In  this  scenario,  an  applications  programmer  has  written  a program  to  ooen 
or  clwe  the  valve  When  executed,  the  program  synchronously  La  a zero^or 
one  from  the  standard  input  device  which  in  turn  closes  or  opens  the  valve 

ooeraTHh^  ^ °“/off  toggle  to 

M part  of  I ]^r%  n ""  infonnation  about  the  valve  should  be  supplied 

as  part  of  a help  facihty  and  a knowledge  facility. 

Creating  a widget  for  this  application  is  both  similar  to  and  different  from 
creating  the  widget  to  monitor  the  valve.  One  still  needs  a dynandc  ic^val^ 
control  pr^ess,  data  structures  connecting  them,  and  infoLation  fil^  but 

nm  a means  of  manipulating  the  icon  to  supply  data  to  the 

piwess.  T^s  req^uir^  interaction  technique  makes  controlKng  an  applicatiL 
re  complex  and  difficult  than  monitoring  an  application.  This  point  heavily 
influences  the  selection  of  tools  used  to  build  the  interface.  ^ 

1.2.3.  Testing  Applications 

Next  suppose  that  a second  application  programmer  has  written  programs 
whmh  momtor  »d  control  a pump.  The  pump  and  the  valve  ZZ  TS 

the  pump  and  measure  the  pressure  supplied  by  the  pump  have  been  created 
ne  would  hke  to  merge  the  four  widgets  into  one  widget  creating  an  interface 
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for  the  pump/valve  system.  Once  the  pump  and  valve  are  joined,  the  system 
can  be  tested  turning  on  and  off  the  pump  and  monitoring  the  valve  pressure. 

Again,  information  relevant  to  the  pump/ valve  system  should  be  stored  and 
available  to  the  interface  and  operator. 

Other  objects  such  as  menus  and  message  areas  may  be  needed  to  complete 
the  pump/valve  interface.  Thus,  tools  are  needed  to  form  complex  structures 
from  elemental  parts.  One  would  like  these  parts  to  be  reusable,  and  where  pos- 
sible, interchangeable  so  that  multiple  customized  interfaces  can  be  constructed. 

1.2.4.  Operating  the  TCMS  Interface 

Finally,  once  the  interface  has  been  created  someone,  an  operator,  will  use  the 
interface  to  test,  monitor,  and  control  the  hardware  at  NASA  KSC.  Inevitably, 
this  operator  will  find  parts  of  the  interface  unsuitable  to  his  or  her  needs.  For 
example,  text  sizes  may  be  too  small  or  too  large,  the  default  colors  may  be  im- 
pleasing,  the  functional  assignment  of  keys  may  be  confusing,  and  so  on.  Thus, 
the  operator  may  want  to  customize  the  interface  to  his  or  her  specifications. 
Ideally,  the  operator  could  make  these  changes  dynamically  by  using  a set  of 
utilities,  supplied  as  part  of  the  interface,  to  change  text  fonts,  colors,  key  map- 
pings and  so  on.  These  dynamic  changes  could  be  saved  to  a start-up  or  init  file 
which  is  read  when  the  interfewre  is  initialized.  Values  £issigned  to  parameters  in 
the  init  file  control  the  initial  display  of  the  interface. 

The  TCMS  interface  should  monitor  the  user,  providing  log  files  for  gener- 
ating statistics  about  the  operator  and  the  use  of  the  interface.  It  must  provide 
help  to  the  operator  which,  for  the  TCMS  interface,  may  be  quite  varied.  Fi- 
nally, the  interface  should  obey  human  factors  guidelines  and  provide  an  efficient 
means  for  performing  useful  work. 
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2.  Graphical  Design  of  the  Interface 


A human-computer  interface  (HCI)  can  be  rather  primitive  or  quite  complex. 
Indeed,  such  interfaces  have  progressed  from  an  operator  specifying  circuit  con- 
nections in  a breadboard,  to  simple  teletype  monitors,  to  high  resolution  bit- 
mapped graphics  workstations.  A graphical  interface  consists  of  a number  of 
objects,  often  called  “widgets”,  which  can  be  used  to  display  data  or  accept 
data  from  an  operator.  For  example,  the  interface  may  consist  of  menus  for 
selecting  applications  to  run,  graphs  showing  the  output  of  the  applications, 
and  message  areas  where  system  relevant  information  is  shown.  There  are  two 
related  questions  addressed  in  this  chapter.  First,  how  does  one  create  an  inter- 
fEw:e  which  meets  the  TCMS  requirements  as  specified  in  §1.1,  and  second,  how 
will  the  operator  be  able  to  effectively  use  the  interface  to  do  meaningful  work? 

A simple  example  showing  how  an  interface  can  be  constructed  is  provided  to 
explain  the  need  for  tools  to  build  an  interface.  The  example  shows  how  a menu 
can  be  embedded  inside  a window,  creating  a simple,  but  complete  interface.  A 
primary  reason  for  proposing  a toolkit  for  building  interfaces  is  that  the  TCMS 
interface  is  not  a static,  well-defined  object.  The  hardware  and  software  with 
which  the  interface  must  interact  has  often  not  been  specified  or  designed.  Thus, 
the  TCMS  interface  must  be  extensible  so  that  new  capabilities  can  be  added  as 
the  need  arises.  A set  of  tools  for  creating  basic  graphic  parts  or  widgets  from 
which  the  TCMS  interface  can  be  constructed  is  proposed.  Formal  specifications 
for  all  facilities  in  the  TCMS  interface  toolkit  are  given  in  §5. 

The  operator  of  the  TCMS  interface  must  be  provided  with  certain  utilities 
allowing  the  alteration  of  objects  within  the  display.  For  example,  the  operator 
may  wish  to  move  or  resize  graphs,  change  the  color  of  menus,  or  the  fonts 
for  textual  messages.  Methods  by  which  the  attributes  of  the  interface  can  be 
controlled  by  the  operator  are  are  presented  in  §2.4  and  §2.5.2. 

V.I.  Corporation’s  DataViews  software  package  is  used  to  build  the  graphic 
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module  of  the  interface.  Section  2.1  contains  enough  basic  information  about 
DataViews  to  make  this  report  imderstzmdable  to  someone  xmfamiliar  with 
DataViews. 


2.1.  The  DataViews  Software  Package 

DataViews,  a trademark  of  V.I.  Corporation,  is  comprised  of  two  modules;  DV- 
Draw  and  DV-Tools.  DV-Draw  is  an  interactive  program  which  can  be  used  to 
connect  the  output  of  a process  to  a dynamic  graph  or  icon  and  store  the  process 
and  graph  as  a view  file  which  can  later  be  re-played.  DV-Tools  is  a library  of 
graphic  routines  that  can  be  used  to  create  and  manipulate  views.  This  section 
is  not  a tutorial  on  DataViews  and  its  capabilities,  but  does  contain  enough  basic 
information  about  DV-Draw  and  DV-Tools  to  make  the  report  comprehensible 
to  someone  not  familiar  with  DataViews.  The  reader  is  referred  to  [l],  [2], 
and  [3]  for  more  detailed  information.  DataViews  will  be  discussed  in  terms  of 
its  ability  to  monitor  output  from  a proctss,  provide  input  to  a process,  facilitate 
the  creation  of  user  interfaces,  and  support  user  interactivity. 

2.1.1.  DV-Draw  and  DV-Tools 

DV-Draw  is  an  interactive  program  with  which  the  user  can  select  graphs  from 
a collection  of  predefined  bar  charts,  pie  charts,  meters,  line  graphs,  etc.,  and 
connect  these  graphs  to  data  somces,  typically  processes  or  files.  Other  basic 
primitives  such  as  lines,  rectangles,  circles,  polygons  and  text  can  be  added  to 
the  picture  created  with  DV-Draw.  Attributes  such  as  line  style,  fill  style  and 
color  can  be  chosen  for  these  primitives.  The  picture  can  be  saved  as  a view  file 
and  later  replayed  starting  the  processes  or  opening  the  files  and  displaying  the 
data  from  the  processes  or  files  using  the  graphs.  The  view  file,  created  either 
using  the  save  command  in  DV-Draw  or  the  TvisaveO  utility  of  DV-Tools, 
forms  the  basic  object  out  of  which  the  TCMS  interface  is  created.  The  view 
file  contains  a representation  of  a view  data  structure  shown  in  figture  2.1. 

The  drawing  object  contains  a list  of  graphical  objects  which  may  be  static 
lines,  circles  and  rectangles,  or  dynamic  objects  such  as  graphs,  subdrawings 
or  color  objects.  DataViews  supports  10  primitive  graphic  objects,  4 dynamic 
objects,  amd  5 non-graphical  objects.  The  10  primitive  objects  are: 

1.  point  object  (pt) 
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Figure  2.1:  The  View  Data  Structure 


2.  line  object  (In) 

3.  circle  object  (ci) 

4.  arc  object  (ar) 

5.  rectangle  object  (re) 

6.  polygon  object  (py) 

7.  text  object  (tx) 

8.  vector  text  object  (vt) 

9.  drawing  object  (dr) 

10.  subdrawing  object  (sd) 

Variable  descriptors  can  be  associated  with  each  attribute  of  the  primitive  ob- 
jects. Altering  the  value  of  the  variable  descriptors  and  updating  the  display 
changes  the  appearance  of  the  primitive. 

The  4 dynamic  objects  are: 

1.  data  group  object  (dg) 

2.  input  object  (in) 

3.  threshold  table  object  (tt) 
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4.  input  technique  object  (it) 

Data  group  objects  present  data  via  a graph.  Input  objects  are  graphical  icons 
which  csm  be  used  to  accept  data  from  an  operator.  Input  techniques  such  as 
menus,  valuators,  and  toggles  are  connected  to  the  input  objects.  Threshold 
tables  contsdn  value  object  pairs.  A variable  descriptor  connect  to  the  threshold 
table  is  tised  to  specify  which  object  should  be  displayed.  Threshold  table  are 
used  to  support  dynamics. 

The  5 non- graphical  objects  sure: 

1.  deque  object  (dq) 

2.  color  object  (co) 

3.  transform  object  (xf) 

4.  screen  object  (sc) 

5.  location  object  (lo) 

A deque  is  a data  structure  used  to  store  objects.  A color  object  is  used  to 
represent  an  object’s  foreground  color.  Text  objects,  drawing  objects,  data 
group  objects,  input  objects  and  screen  objects  can  also  contain  a background 
color.  A transform  object  is  a 3 by  3 homogeneous  transform  matrix  that  can  be 
used  to  position  an  object.  A screen  object  is  Data  Views  interface  to  the  display 
device.  A location  object  represents  keyboard  or  mouse  events.  It  points  to  a 
key  code  representing  the  event,  a screen  location  point  and  a world  location 
point.  Locator  objects  are  iised  to  control  the  interaction  between  the  operator 
and  the  interface. 

The  data  source  list  in  figure  2.1  is  a list  of  processes  and  files  which  supply 
data  to  the  dynamic  objects  in  the  drawing.  The  data  sources  are  connected  to 
the  objects  in  the  drawing  by  means  of  internal  variable  descriptors  and  buffers. 

It  is  important  to  notice  that  the  flow  of  data  is  from  the  data  source  to 
the  drawing.  That  is,  it  is  not  directly  possible  to  have  changes  in  the  graphic 
objects  serve  eus  input  for  a process.  Interaction  handlers  are  required  to  allow 
input. 

2.1.2.  Input  and  Output 

Any  interactive  human-computer  interface  must  supply  some  capability  for  input 
and  output.  The  TCMS  interface  requires  the  ability  to  flexibly  monitor  output 
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from  processes  using  graphs,  dynamic  icons  and  textual  displays.  Input  to  the 
interface  should  taice  place  from  graphical  devices  such  as  menus,  toggles  and 
sliders,  as  well  as  typed  text. 

DV-Draw  provides  an  easy  to  use  method  for  creating  graphs  with  attached 
data  sources  and  saving  these  as  view  files.  However,  one  can  only  create  and 
save  the  layout  or  drawing  for  a graphical  input  device  using  DV-Draw.  To 
attach  this  drawing  to  a process  so  that  it  can  appear  as  an  input  device  to 
a process  requires  writing  a program  using  the  DV-Tools  library.  To  overcome 
this  limitation,  a collection  of  tools  can  be  developed  to  allow  an  application 
programmer  to  easily  connect  a graphical  input  device  to  a process.  These  tools 
are  discussed  fully  in  the  manual  pages  of  §5, 

DV-Tools  supports  8 types  of  interaction  handlers.  There  are  6 primitive 
interaction  handlers:  VNchecklist,  VHmenu,  VNpalatte,  VHslider,  VHtezt  and 
VHtoggle.  Two  complex  interaction  handlers  also  exist.  VNcombiner  allows  a 
number  of  input  objects  to  be  combined  into  one  input  object.  VHdiulti  Uses  a 
shared  input  area  to  display  one  of  a number  of  input  objects.  The  DV-Tools 
User’s  Guide  and  Reference  Manual  contain  detailed  information  on  how  these 
interaction  handlers  can  be  used. 

The  interaction  handlers  interpret  certain  key  presses  as  indicating  actions 
to  be  perform.  There  are  5 valid  action  key  types:  DOHEJCEYS,  CAMCELJCEYS, 
SELECTJCEYS,  RESTOREJCEYS  and  CLEARJCEYS.  Keyboard  input  and  mouse  events 
can  be  mapped  to  these  keys.  The  TCMS  interface  maps  SELECTJCEYS  to  one 
click  of  the  left  mouse  button  and  CANCELJCEYS  to  one  click  of  the  right  mouse 
button.  One  click  of  the  middle  mouse  button  activates  the  help  module  of  the 
interface.  These  are  default  key  settings  and  can  be  re-mapped  by  the  opera- 
tor. When  a mapped  key  is  pressed  while  the  cursor  is  in  specified  areas  of  an 
input  object,  the  interaction  handler  returns  a service  result  and  performs  de- 
fined tasks.  Valid  service  results  are  INPUTJICCEPT,  INPUTJ)OHE,  IMPUT_CANCEL, 
IHPUTJJSED,  and  INPUTJJNUSED.  The  service  result  can  be  used  to  trigger  other 
events. 

The  TloPoll  utility  is  the  DV-Tools  routine  is  used  to  detect  external  events. 
There  are  4 valid  types  of  polling: 

1.  L0CJ>0LL 

2.  PICK_POLL 

3.  WA1TJ>ICK 


324 


4.  WAIT_CHANGE 


TloPoll  retiims  a location  object  with  key  press  information  that  can  be  used 
to  control  execution  of  the  interfewre. 

DataViews  supports  40  distinct  dbplay  formatters  or  data  structiures  which 
serve  as  output  devices,  placing  the  actual  graphic  encoding  of  the  data  on  the 
screen.  In  addition,  custom  display  formatters  can  be  written  and  included 
in  DV-Tools  applications  or  invoked  from  DV-Draw.  Due  to  this  rich  set  of 
graphical  objects  which  can  be  used  for  display  of  data,  little  attention  is  given 
in  this  report  to  the  creation  of  output  displays  to  monitor  data  from  a data 
source.  Instead,  it  is  assximed  that  DV-Draw  will  be  used  to  create  views  to 
monitor  data  and  custom  displays  will  be  built  only  when  needed  and  then 
by  an  experienced  DV-Tools  programmer.  Subsequent  versions  of  the  TCMS 
interface  may  include  tools  for  building  display  formatter. 

2.1.3.  Coordinate  Systems 

DataViews  defines  a world  coordinate  system  in  terms  of  ordered  p>airs  of  integers 
in  the  range  -16393  to  16383.  This  makes  the  origin  the  center  of  the  drawing. 
User  specified  coordinate  systems  can  be  used  when  building  an  interface.  A 
one-to-one  aspect  ratio  should  be  used  to  avoid  distortion  of  images  on  the  dis- 
play. Objects  defined  in  a user’s  coordinate  space  are  mapped  by  transformation 
objects,  i.e.  a 3 x 3 homogeneous  matrices,  into  the  DataViews  world  coordinate 
system. 

An  interface  can  be  positioned  on  the  display  device  using  the  screen  coor- 
dinate system  of  the  physical  display  on  which  the  interface  is  runmng.  This 
positioning  is  typically  handled  by  the  window  manager  for  the  display  given  an 
initial  position  for  the  interface.  A virtual  coordinate  system  defined  by  integer 
pairs  from  0 to  32767  is  used  to  map  world  coordinates  to  screen  coordinates. 

Graphic  objects,  in  general,  are  not  boimd  by  position  and  size  until  the 
object  is  included  inside  of  another  object.  Even  so,  every  pickable  object  can 
be  resized  and  repositioned  dynamically. 

2.2.  Creating  an  Interface 

The  tools  and  widgets  necessary  to  create  a menu,  which  can  be  embedded 
in  a window  to  make  a simple  interface,  are  discussed.  Creating  a menu  is  a 
nontrivial  task  as  there  are  numerous  design  decisions  which  must  be  made,  too 
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many  to  specify  at  a single  time.  For  example,  one  must  specify  the  selection 
technique,  the  menu  style,  its  color,  position,  size,  and,  not  least,  the  selectable 
items  to  be  included  in  the  menu.  Some  of  these  attributes  of  a menu,  e.g. 
color,  p<wition  and  size,  are  dynamic  and  should  not  be  determined  tmtil  the 
menu  is  included  in  a window.  Even  then,  these  attributes  should  be  alterable, 
within  guidelines,  by  the  operator.  Other  attributes,  e.g.  interaction  technique 
^d  style,  are  usually  defined  when  the  menu  is  created.  The  individual  menu 
items  comprising  the  menu  should  exist  before  the  menu  is  created.  A bottom- 
up  d^cription  of  the  interface  building  process  is  presented.  This  shows  how 
individual  menu  items  can  be  merged  into  a menu,  which  is  then  included  in  a 
window  creating  an  interface. 

2.2.1.  Creating  Menu  Items 

A menu  item  is  a selectable  graphic  object  together  with  a side  effect  that  occurs 
when  the  object  is  picked.  The  graphic  object  is  encoded  either  as  a text  string 
or  a pictograph.  The  side  effect  is  represented  as  a text  string  which  should  be 
the  name  of  a process  together  with  required  or  optional  flags  and  values. 

Here,  a text  menu  is  described  although  the  TCMS  interface  can  include 
iconic  menus  as  well.  To  create  a menu  item,  the  interface  builder  must  be  sup- 
plied with  an  executable  process,  which,  knowing  its  function,  can  be  attached 
to  a graphic  object.  Suppose  we  have  a process,  named  open.valve,  which  oper- 
ate a valve  and  the  text  string  “Open  Valve”  which  wiU  be  used  as  the  graphic 

object  in  the  menu  item.  When  the  object  is  selected,  the  process  open.valve 
is  activated. 

First  a primitive  tool,  called  Ctx,  can  be  used  to  create  a view  file  containing 
a drawing  with  the  text  object  “Open  Valve.”  Text  objects  have  attributes  of 
background  color,  foreground  color,  text  direction,  text  justification  and  text  size 
together  with  an  anchor  point,  specified  in  either  world  or  screen  coordinates, 
which  is  used  to  position  the  text.  The  backgroimd  color  is  the  color  used  for  the 
bounding  box  of  the  text,  foreground  color  is  the  color  of  the  text,  the  direction 
can  be  either  horizontal  or  vertical.  The  justification  places  the  anchor  point  at 
any  of  9 positions  in  the  text  (the  four  corners,  the  midpoints  of  the  4 edges, 
or  the  center).  The  size  is  an  integer  and  determines  the  size  of  the  text.  Since 
text  fonts  are  hardware  dependent,  one  should  use  vector  text  objects  for  text 
menus.  Text  objects  have  several  limitations  which  make  them  unsuitable  for  all 
but  the  most  simple  meniis.  For  example,  the  background  color  of  text  objects 
can  produce  undesirable  artifacts,  there  are  only  two  directions  in  which  text 
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can  be  written  and  the  size  of  the  text  is  machine  dependent. 

The  tool  Ctx  can  be  invoked  as  shown  in  2.1. 

Ctx  -t  "Open  Valve"  -o  open_value_tx. v (2.1) 

Here  the  -t  option  specifies  that  the  string  “Open  Valve*’  is  to  be  stored  in 
the  drawing  of  a view  as  a text  object  and  the  -o  option  redirects  the  output 
of  Ctx  into  the  view  file  open_value_tx.  v.  Options  setting  other  attributes  for 
the  text  can  be  used,  but  usually  there  is  no  need  to  do  so  until  later  in  the 
interface  building  process.  Colors,  positions,  and  so  on,  should  be  determined 
when  the  menu  item,  the  menu,  or  the  interface  is  created. 

At  this  step  in  the  process,  it  is  desirable  to  supply  other  information  about 
the  view  file  created  by  Ctx.  For  example,  the  SSIS  HCIG  requires  that  character 
heights  range  from  16.0  to  26.8  minutes  of  arc,  with  20.0  minutes  preferred. 
Using  an  average  distance  from  the  operator  to  the  screen,  this  requirement 
can  be  converted  into  a height  range  for  the  text.  Text  sizes  which  are  too 
small  or  too  large  may  be  disallowed.  This  and  other  human  factors  guidelines 
for  text  can  be  collected  into  a knowledge  base  of  information.  The  knowledge 
base  can  be  queried  when  text  is  altered.  The  TCMS  interface  package  includes 
such  a file,  tx.k,  which,  by  default,  is  appended  to  the  data  somrce  list  of  the 
output  view  file.  In  addition,  application  specific  knowledge  can  be  appended 
to  the  view  file  by  using  the  -k  option  followed  by  a list  of  knowledge  base  files. 
Finally,  help  files  should  be  supplied.  A default  help  file,  tx.hlp,  for  text  object 
is  included  in  the  output  view  file.  Application  specific  help  files  can  also  be 
appended  to  the  data  source  list  of  the  \dew  by  using  the  -h  option.  At  each 
stage  in  the  interface  building  process,  knowledge  beises  and  help  files  can  be 
added  to  the  interface,  see  2.5. 

The  next  step  is  to  attach  the  text  view  to  a process  and  store  the  combina- 
tion as  a view  file.  Here  the  Cmi  tool  is  us<'d.  It  can  be  invoked  .is 

Cmi  -V  open_valve_tx . V -p  open_valve  -o  open_valve_mi  . v (2.2) 

Cmi  creates  a view  containing  the  text  object  from  the  file  open.valve . tx . v and 
the  process  open_valve.  The  view  is  saved  in  the  file  open_valve_mi . v.  Again, 
other  options  for  Cmi  can  be  selected,  see  §5. 

The  saved  view  file  open_valve_mi . v can  not  be  played  as  a view  file  and  will 
not  work  as  an  input  device.  Such  a menu  item  view  file  is  only  an  intermediate 
widget  used  in  the  interface  building  process.  Several  menu  item  view  files  can 
however  be  collected  into  one  menu  view  file. 
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2.2.2.  Creating  a Menu 

Suppose  now  that  several  menu  item  view  files  have  been  created  as  in  the  last 
section.  For  example,  suppose  that  menu  item  view  files  to  open  a valve,  close  a 
valve,  start  a pump  and  stop  a pump  exist.  The  invocation  of  the  Cmenu  facility, 
as  shown  in  2.3,  integrates  these  menu  items  into  one  menu. 

Cmenu  -1  open_value_mi . v close_valve_mi.v  start_pump_mi.v  \ 
stop.pump  .mi  . V -o  pump_valve_mn.  v. 

(2.3) 

Here,  Cmenu  merges  the  list  of  view  files  given  after  the  -1  option  into  one  view 
and  saves  the  result  in  the  pump_valve_mn.v  file. 

A -f  option  can  be  used  to  have  Cmenu  read  options  from  a file  rather  than 
from  the  command  line.  This  is  useful  for  long  menu  item  lists. 

The  -s  option  allows  the  choice  of  one  of  10  possible  menu  styles,  the  default 
being  a horizontal  menu  bar.  Other  bar  style  menus  include  vertical  bars,  hori- 
zontal stacks  and  vertical  stacks.  Bar  menus  are  always  visible.  The  remaining 
menu  styles  are  Pop-up,  pull-down,  pull-up,  pull-right,  pull-left  and  card  menus. 
The  advantage  of  these  menu  styles  is  that  they  require  a minimum  of  display 
space  as  they  are  displayed  only  when  the  operator  needs  them,  thereby  reducing 
irrelevant  information.  Pop-up  menu  appear  imdemeath  the  cursor  when  the 
appropriate  keys  are  pressed.  The  pull-down,  pull-up,  pull-right  and  pull-left 
menus  are  frequently  used  as  sub-menus  of  bar  or  pop-up  menus.  A card  menu 
can  be  thought  of  as  a deck  of  cards  spread  over  the  display.  The  card  under 
the  cursor  is  displayed  and  all  other  cards  are  inactive. 

The  -vn  option  specifies  an  interaction  handler  which  defines  the  input  tech- 
nique for  the  menu.  Currently  there  is  only  one  iuteriu-tion  handler  for  menus, 
VNmenu,  which  is  supplied  as  part  of  the  DataViews  software  package.  Using 
VNmenu,  the  logical  names  of  the  menu  items  are  mapped  to  internal  names 
Itein_l . text,  . . .,  Item_N . text,  which  are  surrounded  by  pickable  rectangles 
Item_l . area,  . . .,  ItemJf . area.  The  selection  of  a menu  item  is  made  by  posi- 
tioning the  cmsor  inside  one  of  the  menu  item  areas  and  pressing  the  left  mouse 
button.  This  action  updates  the  variable  descriptor  associated  with  the  menu 
which  is  used  to  switch  between  a number  of  choices.  Depending  upon  the  choice 
one  of  many  processes  is  executed.  See  §5  for  more  information. 
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2.2.3.  Creating  a Window 

Once  a menu  has  been  created,  it  can  be  embedded  into  a window.  The  window 
consists  of  a border,  an  interior  region,  and  zero  or  more  graphic  objects.  The 
window  can  be  placed  inside  of  an  interface.  The  tool  Cwindow  is  used  to  create 
a window.  Options  exist  for  selecting  a l)order  style,  interior  background  color, 
position  size  and  color  for  each  graphic  object  included  in  the  window. 

In  this  simple  example,  Cwindow  would  be  ex(‘cuted  as 

Cwindow  pump.valuejnn. v -o  pump.valve_wn. v (2.4) 

Default  borders,  positions,  sizes  and  colors  are  used  if  none  are  specified  in 
the  command  line. 

2.2.4.  The  Interface 

The  facility  Cinterface  is  the  highest  level  tool  in  the  toolkit.  An  interface 
contains  one  or  more  windows,  inside  of  a border.  A window  may  be  open  or 
closed  (iconic).  The  view  file  created  with  Cinterface  can  be  played  using  the 
play  command,  described  in  §2.4  and  §5. 

To  complete  the  example,  Cinterface  can  be  called  as  below 

Cinterface  -1  pump-value^wn. v -o  pump.valve_if . v (2.5) 

creating  the  interface  view  file  pump_val  ve«if  . v 

Default  display  devices,  log  files,  and  user  init  files,  are  used  if  none  are 
specified  in  the  command  line. 


2.3.  The  Widgets  Comprising  the  TCMS  Interface 

This  section  briefly  lists  all  of  the  widgets  available  for  creating  an  interface. 

2.3.1.  Low  Level  Widgets 

A widget  is  a view  file.  There  are  7 primitive  graphic  objects  supported  by  the 
TCMS  toolkit:  arc  (ar),  circle  (ci),  line  (In),  rectangle  (re),  polygon  (py),  text 
(tx),  and  vector  text  (vt).  Each  of  these  can  be  stored  in  a view  file  together 
with  variable  descriptors  used  to  alter  values  for  the  attributes  of  the  objects, 
making  them  dynamic.  See  §5.1. 
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2.3.2.  Intermediate  Level  Widgets 

A number  of  intermediate  level  graphical  objects  are  useful.  There  are  4 inter- 
mediate level  widgets  in  the  TCMS  toolkit:  drawings  (dr),  menu  items  (mi), 
subdrawings  (sd)  and  threshold  tables  (tt). 

Drawings  are  a collection  of  dynamic  objects  and  can  be  used  to  create  static 
and  dynamic  pictographs  and  other  complex  graphical  objects. 

Menu  items,  as  described  in  §2.2.2,  are  used  as  building  blocks  for  menus. 
Menu  items  are  used  to  create  other  input  objects  such  as  checklists  and  multi- 
plexors. 

Subdrawings  are  static  drawings  that  can  be  included  or  referenced  in  other 
drawings.  An  include  subdrawing  becomes  a static  part  of  the  view,  which  refer- 
enced subdrawings  point  to  a view  file,  which  if  changed,  changes  the  subdrawing 
as  well. 

Threshold  tables  are  used  to  map  values  to  objects.  The  value  of  a variable 
descriptor  associated  with  the  threshold  table  is  used  to  select  which  object  to 
display.  Threshold  tables  are  used  primarily  to  provide  color  dynamics  to  the 
objects  in  the  interface.  See  §5.2. 

2.3.3.  Input  Widgets 

Input  objects  which  can  be  steered  as  views  include:  checklists,  menus,  palettes, 
panels,  sliders,  and  toggles.  These  widgets  are  described  in  §2.1  and  [2],  [3]. 
These  input  objects  can  be  grouped  into  compouml  input  objects. 

Future  versions  of  the  TCMS  interface  toolkit  may  also  include  output  ob- 
jects such  as  dials,  pie  charts,  and  so  on.  See  §5.3. 

2.3.4.  High  Level  Widgets 

High  level  widgets  are:  windows,  scroll  windows  and  icons.  An  icon  is  a closed 
window  and  it  may  contain  an  active  or  inactive  process.  W^indows  may  be  open 
or  closed,  active  or  inactive,  and  interactive  or  non-interactive.  Scroll  windows 
allow  panning  over  a display. 

The  interface  is  the  highest  level  widget.  An  interface  can  be  played  displdv- 
ing  all  of  the  enclosed  views  with  their  processes,  files  and  drawings. 

The  tools  used  to  create  the  widgets  described  in  this  section  are  documented 
in  the  manual  pages  of  §5. 
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2.4.  Utilities  for  the  Operator 

An  important  question  is  how  the  TCMS  interface  will  be  used  and  modified  by 
the  operator.  This  section  focuses  on  utiaties  for  modifying  the  interface. 

There  are  two  methods  by  which  th<’  operator  can  control  the  appearance 
of  the  interface.  Statically,  the  user  can  set  parameters  in  an  init  file  which 
controls  the  initial  display  of  the  interface,  see  2.5.2.  Dynamically,  the  user  can 
select  operations  from  a utility  menu  which  is  supplied  automatically  with  every 
interface  created  using  the  TCMS  toolkit.  The  utility  menu  contains  commands 
to  move  and  resize  objects,  select  colors  for  objects,  edit  fonts,  edit  line  styles, 
set  action  keys,  request  help  and  quit  execution  of  the  interaction  session. 

The  TCMS  toolkit  also  provides  utilities  for  collecting  statistics  on  the  use  of 
the  interface,  verifying  the  consistency  of  an  interface  against  a human-computer 
interface  knowledge  base,  and  playing  the  interface.  Also,  there  is  a utility  which 
prints  a description  of  objects  and  attributes  in  a view  file,  and  a utility  to  edit 
the  attributes  of  objects  in  a view  file.  See  §5.6  for  more  information. 

2.5.  The  File  System  for  the  TCMS  Interface 

Files  are  used  to  store  the  views  which  define  the  interface,  supply  parameter 
values  when  initializing  the  interface,  provide  help  information  for  the  user, 
supply  knowledge  about  the  system,  and  record  data  for  statistical  analysis  on 
how  the  interface  is  used.  Each  of  these  file  types  is  discussed  in  turn. 

2.5.1.  View  Files 

The  view  files  are  the  most  important  files  in  the  TCMS  interface.  View  files 
can  be  created  either  by  using  DV-Draw  or  the  TviSaveO  utility  of  D\ -Tools. 

view  file  ccuitains  a view  data  structure  consisting  of  a drawing  and  a data 
source  list.  Simple  vi(;w  files  can  be  merged  creating  more  complex  views.  Most 
view  files  can  be  “played”  using  the  play  process,  which  reads  the  view  file, 
opens  the  files  and  processes  in  the  data  source  list  and  displays  the  drawing  of 
the  screen.  See  §2.1  and  §5  for  more  intormation. 

2.5.2.  The  Init  File 

Each  user  can  create  his  or  her  own  . tcmsrc  file  which  is  read  when  an  interface 
is  executed  using  the  play  interface  commaiul.  A default  system  file  init 


file,  located  in  the  TCMS  directory  /usr/local/tcms  is  used  to  supply  default 
setting  for  the  interface  when  the  user  has  no  . tcmsrc  file.  The  format  of  entries 
in  the  init  file  consist  of  attribute  value  pairs  cus  shown  in  figure  2.2. 

In  figure  2.2  the  initial  background,  border  colors  and  border  thickness  are 
set.  A pop_up  menu  with  five  menu  items  is  defined.  Each  menu  item  is  then 
given  a text  name  and  a process  to  rim  when  the  item  is  selected.  In  addition, 
a system  area  with  dynamic  color  positioned  at  the  bottom  of  the  screen  and 
displaying  the  output  of  the  3 processes  time,  ps  and  netstat,  is  created. 

A complete  specification  of  all  attribute  value  pairs  that  may  be  included  in 
the  init  file  is  beyond  the  scope  of  this  report. 

2.5.3.  Help  Files 

Help  files  form  an  important  part  of  any  human-computer  interface.  At  each 
stage  of  the  interface  building  process,  help  files  may  be  attached  to  the  data 
source  list  of  the  view  being  created.  The  TCMS  interface  includes  default  help 
files  which  can  be  used  by  the  operator  to  show  available  commands,  explain 
the  use  of  the  utility  function  in  the  Utilities  menu,  and  provide  other  system 
information.  Additional  help  files  can  be  included  in  the  interface.  Typically, 
these  additional  files  are  used  to  supply  assistance  about  a particular  application. 
See  §4  and  §5  for  more  information. 

2.5.4.  Knowledge  Files 

Knowledge  base  files  are  used  to  store  information  on  the  application(s)  run- 
ning  under  control  of  the  interface,  the  user  of  the  interface,  and  human  factors 
guidelines  for  HCI  design.  Default  system  files  incorporating  knowledge  of  hu- 
man factors  guidelines  are  supplied  as  part  of  the  TCMS  toolkit.  Additional 
knowledge  files  can  be  included.  S«'e  §3  and  §5  for  more  information. 

2.5.5.  Log  Files 

A system  log  file  (/usr/local/tcms/adm/tcms . log)  is  used  to  monitor  use  of 
the  interface.  At  a minimum,  the  log  file  retains  records  of  the  user  ids,  time  of 
use,  and  length  of  use  of  the  interface.  The  log  file  can  also  be  used  to  record 
more  detailed  levels  of  interaction.  Interaction  monitoring  to  provide  a user 
profile  is  discussed  more  fully  in  §3.1.4.  A user  profile  can  be  used  to  configure 
the  system  to  a particulm  oj^erator. 
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# Example  init  file  for  TCMS  interface 
tt  Line  that  start  with  # are  comments 

# Set  attributes  for  the  base  view 

WINDOW. background  blue 

WINDOW. bordercolor  black 
WINDOW. borderwidth  5 

# Define  the  base  menu 


MENU. style 

pop_up 

MENU . number 

S 

MENU. color 

red 

MENU . iteml . naune 

Utilities 

MENU.iteml .appl 

play  utilitymenu 

MENU . item2 . name 

TCMS 

MENU. it em2. appl 

play  terns 

MENU . items . name 

Help 

MENU . items . appl 

help 

MENU . item4 . name 

Close 

MENU. item4. appl 

iconify 

MENU. items .name 

Quit 

MENU . items . appl 

exit 

# Configure  the  system  area 

SYSTEM. color 

dynamic 

SYSTEM. number 

S 

SYSTEM. position 

bottom 

SYSTEM. iteml. appl 

time 

SYSTEM. item2. appl 

ps 

SYSTEM. items. appl 

netstat 

Figure  2.2:  Example  Init  File 
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3.  Intelligence  in  a Human- Computer 
Interface 


The  author  of  this  report  in  not  an  expert  in  artificial  intelligence,  expert  systems 
or  other  areas  of  cybernetics.  However,  the  general  requirement  that  the  human- 
computer  interface  constructed  for  the  TCMS  behave  in  an  intelligent  and  useful 
manner  requires  the  consideration  of  questions,  during  this  preliminary  design 
stage,  which  deal  with  embedding  intelligence  into  the  TCMS  interface.  This 
chapter  attempts  to  define  intelligence  in  a human-computer  interface  and  show 
how  such  an  interface  can  be  implemented. 


3.1.  What  is  an  Intelligent  Human-Computer  Interface? 

A working  definition  of  an  intelligent  human-computer  interface  (iHCI)  is 

Definition  1.  An  iHCI  enforces  good  human  factors  guidelines,  has  knowledge 
of  the  apphcation(s)  running  on  the  computer  and  interacting  with  the  operator, 
uses  this  knowledge  to  anticipate  the  operator’s  needs  and  actions,  and  evaluates 

the  operators  ability  so  as  to  provide  a more  convenient  and  efficient  interface 
for  the  operator. 

All  four  features  of  an  iHCI  are  discussed  below. 

3.1.1.  Obeying  Human-Factor  Guidelines 

Human-factor  guidelines  tend  to  be  static  and  global.  The  Space  Station  Infor- 
mation System  Human-Computer  Interface  Guide  (USE-1000)  specifies  guide- 
lines for  the  design  and  implementation  of  human-computer  interfaces.  The 
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TCMS  interface  is  to  follow  these  guidelines.  The  guide  includes  detailed  re- 
quirements on  how;  (1)  information  should  be  presented  to  the  user,  (2)  real- 
time interactions  between  the  user  and  the  TCMS  should  be  handled,  and  (3) 
input  of  data  from  the  user  can  be  obtained.  Each  guideline  is  presented  as  a 
natural  language  rule  or  requirement,  often  with  a rationale  accompanying  the 
guideline.  The  SISS  HCIG  represents  a knowledge  base  of  human  factors  giiide- 
lines  for  creating  human-computer  interfaces.  These  human  factors  guidelines 
are  stable,  but  may  change  as  new  research  in  human  factors  engineering  occurs 
or  as  technology  advances.  The  guidelines  are  also  global  in  that  they  do  not 
change  with  different  applications  or  operators. 

It  would  be  desirable  to  incorporate  the  SSIS  HCIG  into  the  software  for  the 
interface,  so  that  the  integrity  of  the  interface  could  always  be  checked  against 
the  guidelines.  To  do  so,  an  expert  system  shell  capable  of  editing  simple  natural 
language  sentences  and  storing  these  sentences  as  a knowledge  base  of  rules 
and  facts  is  needed.  Then  an  inference  engine  that  can  be  used  to  query  the 
knowledge  base  whenever  a change  to  the  interface  is  requested. 

Operators  have  static  control  over  graphical  and  human  factors  attributes  of 
the  interface  by  using  their  .tcmsrc  file,  and  dynamic  control  using  the  utility 
functions  supplied  with  the  interface,  see  §2.5.2  and  §2.4.  Whenever  the  interface 
is  initiated  the  values  set  in  the  init  file  should  be  checked  with  the  knowledge 
base  for  validity.  Default  values  can  be  substituted  for  invalid  settings  in  the 
.tcmsrc  file.  Similarly,  whenever  a utility  function  is  used  to  alter  the  interface, 
the  operator’s  use  of  the  utility  is  monitored  to  guarantee  the  alteration  does 
not  violate  specified  guidelines.  As  a precaution,  a tool,  called  fuzz,  see  §5.6  is 
provided  to  check  static  attributes  of  an  interface  for  consistency. 

There  are  several  questions  that  must  be  settled  before  determining  whether 
or  not  it  is  possible  to  incorporate  such  intelligence  into  the  interface.  These 
questions  are  discussed  below,  but  can  only  be  answered  by  people  with  expertise 
in  artificial  intelligence. 

First,  an  expert  system  shell,  which  can  be  used  to  build  a knowledge  base  of 
specified  information  together  with  reasoning  methods  about  this  information, 
must  be  selected  from  available  commercial  or  public  domain  software  tools. 
There  are  certain  requirements  that  thi.s  expert  system  shell  must  meet  to  be 
acceptable  for  use  in  the  TCMS  interface  toolkit. 

The  SSIS  HCIG  guidelines  are  written  in  natural  language  sentences.  An 
expert  system  that  recognizes  true  natural  language  would  be  desirable,  however, 
the  author  knows  of  no  software  package  capable  of  recognizing  the  guidelines 
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of  the  SSIS  HCIG  verbatim.  Some  riiles  may  be  easy  to  translate,  while  other 
may  prove  quite  difficult.  The  power  of  the  rule  editor  provided  by  the  shell 
m\ist  be  considered  in  the  choice  of  the  shell. 

Assiuning  that  the  bulk  of  the  SSIS  HCIG  could  be  incorporated  as  a knowl- 
edge base  of  information,  a second  question  is,  can  the  knowledge  base  be 
searched  quickly  enough  to  provide  a good  dialogue  rate  with  the  operator? 
For  a system  as  complex  as  the  TCMS  interface,  with  all  of  its  accompanying 
guidelines,  a monolithic  knowledge  base  would  be  much  too  rich  to  be  useful 
in  a highly  interactive  environment.  To  overcome  such  delayed  interaction,  the 
inference  engine  of  the  expert  system  shell  should  be  able  to  access  multiple 
independent  sub-knowledge  bases  when  asked  to  verify  that  a change  of  state 
in  the  interface  is  acceptable.  For  example,  if  an  operator  attempts  to  alter 
the  text  size  of  a menu  item  descriptor,  then  it  should  be  possible  to  run  the 
inference  engine  on  a small  file  containing  knowledge  of  guidelines  on  text  and 
its  presentation.  Thus,  the  SSIS  HCIG  should  be  partitioned  into  small  logically 
coherent  knowledge  bases,  each  small  enough  to  be  queried  quickly. 

Finally,  since  DataViews  offers  the  ability  to  attach  files  and  processes  to 
views,  the  inference  engine  must  be  able  to  access  information  stored  as  refer- 
ences to  files  inside  of  view  files.  It  is  expected  that  any  expert  system  shell  can 
access  knowledge  base  files  given  their  names.  Thus,  it  would  seem  reasonable 
that  knowledge  bases  can  be  attached  to  view  files  as  described  in  this  report. 

Partial  pseudocode  for  the  main  program  loop  would  contain  code  to  switch 
between  munerous  choices.  To  allow  the  operator  to  alter  attribute  settings,  the 
main  control  loop  of  the  interface  might  be  zis  follows. 

decode  user_action; 
switch  user.action 

case  alter_settings : 

decode  user_action; 
switch  user_action 

case  alter_textsize : 

check  user.action  against  text  knowledge  base 
if  ok,  alter  size 

else  call  help  with  user  action  and  return  code 
from  knowledge  base  check, 
case  alter_color: 
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end  switch. 


end  switch. 

The  pseudocode  implies  a primary  sort  on  the  user  action  to  determine 
whether  the  action  is  to  alter  the  setting  of  the  interface  or  perform  some  other 
task.  In  particular,  the  operator  may  also  issue  commands  to  signal  an  applica- 
tion or  to  ask  for  assistance.  The  operator  may  even  be  issuing  a meaningless 
or  useless  command.  A secondary  sort  on  the  user  action  determines  the  spe- 
cific action  of  the  user.  Before  all  but  the  most  trivial  action  is  executed,  the 
knowledge  base  associated  with  the  action  can  queried  to  determine  validity  of 
the  action. 

3.1.2.  Knowledge  of  the  Application 

Knowledge  of  the  application(s)  attached  to  the  interface  is  often  dynamic  and 
local  information.  For  example,  consider  again  the  monitoring,  control,  and 
testing  of  the  pump/ valve  system.  The  valve  monitoring  module  may  have  access 
to  a sub-knowledge  base  containing  information  about  the  valve.  The  valve 
identifier,  data  formats,  data  ranges  and  data  thresholds  sent  by  the  module 
could  be  specified  by  the  applications  programmer  when  the  module  is  written. 
As  the  valve  module  is  integrated  into  the  application  attributes  specifying  how 
the  valve  is  connected  in  the  system,  its  backup  units,  its  function  in  the  system 
and  so  on  needs  to  be  given.  This  forms  a complex  network  of  files  containing 
local  information  about  parts  of  the  interface. 

When  a signal  is  sent  to  the  valve  module  the  effect  of  the  signal  on  the 
status  of  the  interface  can  be  determined  by  querying  a sub-knowledge  base  with 
information  about  the  data  signal  sent  to  the  valve  module.  Note  that  this  check 
can  be  performed  before  the  signal  is  actually  sent  to  operate  the  valve.  This 
raises  interesting  implications  about  the  power  the  interface  possesses  versus 
the  power  of  the  operator  to  control  the  interface.  This  implication  is  discussed 
further  in  §3.1.4. 
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3.1.3.  Assisting  the  Operator 

A human-computer  interface  “manifests  its  usability  through  the  speed  and 
accuracy  with  which  the  users  can  perform  tasks  with  it;  novices’  ability  to  learn 
to  operate  the  system,  and  sporadic  users’  ability  to  relearn  to  operate  it;  and 
all  users’  preference  for  operating  the  system”  [6],  [7],  Artificial  intelligence  can 
be  \ised  to  aid  users  of  the  interface,  making  the  interface  faster,  more  accurate, 
and  easier  to  learn  and  relearn.  Help  provided  by  the  interface  to  the  operator 
is  discussed  in  more  detail  in  §4.  Ideas  on  how  an  intelligent  HCI  can  aid  the 
operator  are  discussed  here.  Some  of  these  ideas  are  common  sense  rules,  while 
others  are  more  abstract  and  perhaps  difficult  to  implement. 

First,  since  the  interface  needs  to  respond  promptly  to  the  operator, . see 
[6]  page  3-56,  the  interface  should  anticipate  the  operator’s  actions.  At  each 
step  in  the  interaction  between  the  operator  and  the  interface  there  is  a small 
set  of  valid  actions,  such  as,  open  a file,  write  to  a file,  close  a file,  execute 
a process  and  kill  a process,  with  any  invalid  commands  causing  a call  to  the 
help  module  of  the  interface.  Xhe  interface  should  anticipate  possible  actions  by 
loading  the  appropriate  files  and  processes  from  disk  before  they  are  demanded. 
Least  recently  used  files  and  processes  can  be  maintained  in  memory  or  fast  disk. 
Evaluation  of  this  pre-fetch  memory  management  policy  should  be  made  for  each 
port  of  the  TCMS  interface,  with  a “tuning”  of  interface  memory  management 
parameters  as  appropriate.  Since  this  is  an  anticipatory  policy,  hemristics  about 
the  operator’s  actions,  perhaps  gleaned  from  data  on  the  operator’s  previous  use 
of  the  interface,  may  exist  which  can  be  used  to  decrease  the  system  response 
time  of  the  interface.  Attributes  of  the  operator  may  also  be  used  to  determine 
actions  by  the  interface. 

The  XCMS  interface  should  also  assist  the  operator  with  helpful  information. 
A request  for  information  may  be  generated  directly  by  the  operator  or  indirectly 
by  inappropriate  actions.  An  intelligent  HCI  should  be  able  to  guide  the  operator 
through  the  help  module  in  the  most  efficient  and  i;.formative  way.  For  example, 
help  provided  a novice  may  differ  considerable  from  help  offered  an  expert,  Xhe 
help  offered  should  depend  on  the  application,  the  current  set  of  valid  functions, 
and  the  actions  of  the  operator.  For  example,  the  help  offered  for  a pump/valve 
system  should  differ  from  help  on  a electrical  circuit  and  direct  help  requests 
should  be  handled  differently  from  error  generated  help  requests.  Heuristics  for 
rules  which  determine  how  the  help  module  of  the  interface  responses  need  to 
be  determined. 
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3.1.4.  Evaluating  the  Operator 

Should  a iHCI  evaluate  the  operator  of  the  interfcice?  And,  if  the  iHCI  evaluates 
the  operator  what  control  should  be  given  to  the  operator  and  what  control  to 
the  interface?  These  are  both  fundamental  questions  which  must  be  posed  and 
answered. 

First,  it  is  clear  that  the  interface  must  monitor  the  operator  to  provide 
a safe,  secure,  and  convenient  system.  The  operator’s  name,  login  identifier, 
group,  secmrity  level,  experience  level  are  all  useful  if  not  vital  information  for 
the  interface  to  perform  intelhgently.  Clearly  this  information  must  be  kept 
secure  since  it  can  be  used  to  allow  assess  for  the  reading  and  writing  of  files, 
execution  of  processes,  and  logging  information  about  the  use  of  the  system. 

The  op>erator’s  experience  level  is  a dynamic  attribute  that  could  change  be- 
tween sessions  or  during  a session  with  the  interface.  Often  a person’s  ability 
or  experience  in  using  an  interface  is  evident  to  someone  who  watchs  the  inter- 
action. An  experienced  user  effortlessly  moves  through  the  interface  efficiently 
working,  while  a novice  will  randomly  strike  keys  or  generates  mouse  events 
performing  little  or  no  useful  work.  By  analogy,  one  can  often  tell  if  a miisician 
is  good  or  bad  by  simply  watching  how  effortlessly  the  musician  plays  his  or  her 
instrument.  It  seems  reasonable  that  heuristics  can  be  developed  which  can  be 
used  to  predict  the  ability  of  the  operator  and  configure  the  interface  to  better 
suit  the  operator. 

Several  steps  are  required  before  one  can  propose  a method  for  modeling  the 
use  of  8U1  interface  and  use  the  model  to  estimate  a user’s  level  of  experience. 
First,  do  variables  exist  which  can  be  used  to  accurately  predict  user  ability? 
Can  information  about  the  operator’s  ability  be  used  to  configure  the  interface  in 
such  a manner  to  make  use  of  the  interface  more  natural  to  the  user?  Assuming 
the  interface  can  be  so  configured,  is  is  worthwhile  (cost  effective)  dynamically 
monitor  the  user  and  alter  the  configuration  of  the  interface  automatically? 

A search  of  the  literature  on  user  interface  design  should  be  conducted  to  de- 
termine the  existence  of  studies  identifying  variables  that  can  be  used  to  predict 
user  ability.  If  no  relevant  research  exists,  a study  can  be  made  to  determine 
if  such  variables  can  be  found.  Only  once  such  variables  are  identified  it  is 
reasonable  to  attempt  to  monitor  these  variables. 

There  are  numerous  statistics  which  should  aid  in  predicting  experience  level. 
For  example:  total  time  using  the  interface,  user  interaction  time,  number  of 
help  requests,  number  of  cancel  selections,  munber  of  no  selections,  number  and 
type  of  open  or  closed  graphics  in  the  display,  the  validity  of  the  input  from  the 
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user  and  the  responsiveness  of  the  user  to  information  supplied  by  the  interface. 
Once  a set  of  predictor  parameters  is  determined,  variables  can  be  embedded  as 
“hooks”  inside  of  the  TCMS  interface  to  collect  data  on  these  parameters.  The 
data  can  then  be  used  to  infer  a level  of  experience. 

Assume  for  now  that  the  experience  of  the  operator  can  be  determined  from 
variables  associated  with  use  of  the  interface.  A basic  qi^estiop  is  whether  oper- 
ators of  the  TCMS  interface  should  be  ranked  at  an  experience  level.  Some  may 
not  feel  comfortable  if  they  realised  that  their  actions  were  being  monitored  and 
that  this  information  is  being  used  to  rate  them.  A more  positive  attitude  is 
that  the  monitoring  is  being  conducted  to  provide  a more  responsive  tool  for 
the  user. 

There  are  four  experience  levels  often  ipentioned  in  the  literature:  novice, 
intermittent,  transfer  and  expert.  An  operator  can  be  a rated  by  both  expe- 
rience in  use  of  the  interface  and  knowledge  about  the  application  attached  to 
the  interface.  Shneiderman  [7]  gives  many  characterizations  of  users  classified 
by  type.  Heuristics  based  on  guidelines  aijd  studies  such  as  these  shovild  be  de- 
veloped to  allow  configuration  of  the  interface  based  on  the  user’s  profile.  These 
heuristics  would  be  used  to  control  how  information  is  presented  to  the  user. 
For  example,  a novice  user  should  be  presented  with  bar  style  menus  which  are 
always  visible,  while  an  expert  may  prefer  a pop-up  menu.  Novice  users  may 
be  directed  to  a complete,  yet  succinct  description  of  available  commands,  while 
an  expert  user  may  only  need  a list  of  key  strokes  and  abbreviations  for  the 
conunands.  Inaction  or  inappropriate  actions  may  be  handled  differently  for 
different  user  experience  levels. 

The  questions  raised  by  the  idea  of  incorporating  intelligence  into  a human- 
computer  interface  are  intriguing,  but  answers  to  these  questions  are  beyond  the 
scope  of  this  document. 
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4.  The  Help  Facility  for  the  TCMS 
Interface 


This  chapter  deals  with  the  help  facility  for  the  interface.  There  are  two  central 
concerns  addressed  in  the  chapter.  First,  the  help  fax:ility  should  work  with 
an  expert  system  to  supply  timely  and  useful  information  to  the  operator,  an 
second  the  help  facility  should  offer  an  intricate  network  of  textual  and  graphical 
information  through  which  it  is  nevertheless  easy  for  the  operator  to  navigate. 
Default  help  information  on  the  use  of  the  interface  should  always  be  provided 
and  application  dependent  help  should  be  easy  to  incorporate  into  the  TCMS 

interface.  , , . , .•  tt. 

It  is  proposed  that  a hypertext  system  be  considered  for  implementing  the 

help  facility.  The  author  of  this  report  is  not  an  expert  on  hypertext,  and  so, 
only  the  desired  properties  of  the  help  facility  and  methods  of  integrating  it  with 
the  other  modules  of  the  TCMS  interface  are  presented.  These  requirements  and 
specifications  serve  to  define  the  needed  capabilities  of  the  help  module. 

4.1.  Properties  of  the  Help  Facility 

The  help  module  supplied  as  part  of  the  TCMS  interface  should  be  able  to 
display  many  layers  of  useful  information  to  the  operator.  Any  human-computer 
interface  must  be  capable  of  supplying  help  on  demand  of  the  operator.  A 
sophisticated  HCI  such  as  the  TCMS  interface  requires  a help  facility  capable  of 
supplying  help  on  how  to  use  of  the  interface,  together  with  information  on  the 
application(s)  attached  to  the  interface.  This  help  information  may  range  from 
simple  panels  of  available  commands,  to  manual  pages,  to  schematic  diagrams. 
Hypertext  systems  seem  to  offer  this  flexible  network  of  textual  and  graphical 
information  [5],  [4]. 
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An  iHCI  should  be  able  to  infer  from  the  state  of  the  interface  which  help 
information  would  be  most  useful  to  the  operator,  and  if  necessary  display  the 
^sistance  automatically.  Predictive  variables  such  as  experience  level,  clearance 
level,  and  job  code,  could  be  used  to  determine  how  the  operator  is  guided 
through  the  help  facility.  A consistent  method  of  obtaining  help  should  be 

fadli^’  ^ activates  the  help 


4.2.  Integrating  the  Help  Facility  into  the  TCMS  Interface 

The  help  module  must  be  able  to  access  files  stored  in  view  files.  The  help 
module  must  be  capable  of  forming  logical  links  among  these  stored  help  files 
md  provide  a convenient  technique  for  navigating  through  the  network  of  help 

• f included  in  the  utility  menu  supplied  with  the 

mt^ace.  These  help  files  serve  to  guide  the  operator  in  the  use  of  the  interface 
Md  are  rather  simple.  More  sophisticated  help  facilities  need  to  be  provided  in 
future  version  of  the  TCMS  interface. 
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5.  Manual  Pages 


Manual  pages  for  the  interface  are  partitioned  by  level  of  complexity.  Tools 
for  creating  input  objects  are  listed  in  a separate  section.  Also  system  utilities 
to  edit,  play,  collect  statistics  on,  and  verify  the  integrity  of  an  interface  are 
provided. 

Every  view  file  created  with  a tool  provided  by  the  TCMS  interface  toolkit 
can  have  a list  of  help  and  knowledge  base  files  attached  to  the  data  source  list 
of  the  view.  The  option  -a  file. hip  . . . appends  the  listed  help  files  to  the  view. 
The  option  -k  flle.k  . . . appends  the  listed  knowledge  base  files  to  the  view. 
System  default  help  and  knowledge  base  files  are  included  in  certain  views  when 
the  view  are  created. 

Each  object  has  an  external  name  by  which  it  can  be  referenced.  The  default 
name  of  the  object  is  the  name  of  its  type.  For  example,  by  default  all  objects 
created  with  Ctx  are  named  tx  and  stored  in  the  file  tx.v.  The  -o  file.v  option 
can  be  used  to  redirect  the  output  of  a command  to  a named  view  file.  The 
name  of  the  file  then  serves  2is  the  external  name  of  the  object. 

The  option  lists  for  some  commands  may  be  quite  lengthy.  The  -f  file  option 
is  used  to  force  the  tool  to  read  its  option  list  from  the  named  file. 

The  example  programs  which  appear  in  the  DV-Tools  Users’  Guide  provide 
helpful  templates  which  can  be  modified  to  write  the  code  for  some  of  the  tools 
contained  in  this  manual. 
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5.1.  Primitive  Graphic  Object  Facilities 


The  TCMS  toolkit  supports  7 low  level  graphical  primitives:  arc,  circle,  line, 
polygon,  rectangle,  text,  and  vector  text.  These  primitives  can  be  combined  to 
form  more  complex  objects  such  as  windows,  menus  and  icons.  Each  of  these  7 
objects  can  be  created  and  saved  as  view  files  using  a function  of  the  form  C??, 
where  ??  is  a two  letter  abbreviation  for  the  objects. 

Each  attribute  of  the  graphical  object  is  connected  to  a variable  descriptor 
which  can  be  used  to  alter  the  object’s  appearance.  Often,  attributes  of  primitive 
objects  are  set  by  default  since  the  attributes  more  properly  belong  to  the  higher 
level  objects  created  using  the  primitive  objects.  For  example,  when  creating  a 
menu,  the  textual  names  of  the  menu  items  may  be  important,  and  one  could 
use  Ctx  to  create  these  text  objects.  However,  the  position  and  color  of  the 
menu  items  need  not  be  specified  when  the  Ctx  conunand  is  used. 

The  example  program  create.view.  c in  the  DV-Tools  User’s  Guide  provides 
a template  for  creating  the  tools  found  in  this  section. 
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Cax(l) 


Car(l) 


NAME 

Car  - create  a view  containing  an  arc  object. 

SYNOPSIS 

Cm  [options] 

DESCRIPTION 

Car  creates  an  arc  object  which  is  stored,  by  default,  in  the  view  file  ar.v. 
Options  can  be  used  to: 

(1)  append  knowledge  about  the  arc  to  the  view  file. 

(2)  append  help  documentation  about  the  mc  to  the  view  file. 

(3)  redirect  the  output  of  Car  to  a view  file. 


OPTIONS 


-c  float  float  gives  the  jxjsition  of  the  center  of  the  arc  in  a user  defined 
world  coordinate  system.  The  default  center  is  (0.0,0.0) 

-d  direction  specifies  either  CLOCKWISE  or 

COUNTER-CLOCKWISE  as  the  direction  for  drawing  the  arc. 
COUNTER-CLOCKWISE  is  the  default. 

-e  float  float  gives  the  position  of  the  end  point  of  the  arc.  (-1.0,  0.0)  is 
the  default  end  point. 

-fg  color  where  color  is  one  of  a predefined  list  of  foreground  colors.  A 
default  foreground  of  white  is  used. 

-It  line_type  only  SOLID -LINE  is  supported  at  present. 

-Iw  integer  specifies  the  width  of  the  arc  in  pixels. 

-s  float  float  gives  the  position  of  the  start  point  of  the  arc.  (1.0,  0.0)  is 
the  default  starting  position  of  the  mc. 
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Cci(l) 


Cci(l) 


NAME 

Cci  - create  a view  file  containing  a circle  object. 

SYNOPSIS 

Cci  [options] 

DESCRIPTION 

Cci  creates  a circle  object  which  is  stored,  by  default,  in  the  view  file  ci.v. 
Options  can  be  used  to: 

(1)  append  knowledge  about  the  circle  to  the  view  file. 

(2)  append  help  documentation  about  the  circle  to  the  view  file. 

(3)  redirect  the  output  of  Cci  to  a view  file. 

OPTIONS 


-c  float  float  gives  the  position  of  the  center  of  the  circle.  A default  value 
of  (0.0,  0.0)  is  used. 

-fg  color  where  color  is  one  of  a predefined  list  of  foreground  colors.  A 
default  foreground  of  white  is  used. 

-It  line.type  only  SOLIDXINE  is  supported  at  present.  A default  value 
of  (0.0,  0.0)  is  used. 

-Iw  integer  specifying  the  width  of  the  circle  in  pixels. 

-r  float  float  gives  the  position  of  a point  on  the  circumference  of  the 
circle.  The  default  is  (1.0,  0.0). 


Cln(l) 


Cln(l) 


NAME 

Cln  - create  a view  file  contedning  a line  object. 

SYNOPSIS 

Cln  [options] 

DESCRIPTION 

Cln  creates  a line  object  which  is  stored,  by  default,  in  the  view  file  In.v. 
Options  can  be  used  to: 

(1)  append  knowledge  about  the  fine  to  the  view  file. 

(2)  append  help  documentation  about  the  line  to  the  view  file. 

(3)  redirect  the  output  of  Cln  to  a view  file. 

OPTIONS 


-e  float  float  specifies  the  end  position  in  a user  defined  world  coordinate 
system.  A default  value  of  (1.0,  1.0)  is  used. 

-fg  color  where  color  is  one  of  a predefined  list  of  foregroimd  colors.  A 
default  foreground  of  white  is  used. 

-It  Iine_type  only  SOLID  .LINE  is  supported  at  present. 

-Iw  integer  specifies  the  width  of  the  line  in  pixels. 

-s  float  float  specifies  the  position  in  a user  defined  world  coordinate 
system  for  the  starting  point  of  the  line.  A default  value  of  (0.0,  0.0) 
is  used. 
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Cre(l) 


Cre(l) 


NAME 

Cre  - create  a view  file  containing  a rectangle  object. 

SYNOPSIS 

Cre  [options] 

DESCRIPTION 

Cre  creates  a rectangle  object  which  is  stored,  by  default,  in  the  view  file 
re.v.  Options  can  be  used  to: 

(1)  append  knowledge  about  the  text  to  the  view  file. 

(2)  append  help  documentation  about  the  text  to  the  view  file. 

(3)  redirect  the  output  of  Cre  to  a view  file. 

OPTIONS 


-fs  fill_status  determines  how  the  rectangle  is  filled.  flUjstatus  may 
be  one  of  the  values  FILLED  .OBJECT  or  UNFILLED  .OBJECT.  A 
filled  rectangle  is  drawn  to  its  borders  in  the  foreground  color  ignor- 
ing any  line  type  and  width  settings  for  the  boimdary,  while  only  the 
boundaries  are  drawn  using  the  line  type  and  line  width  attributes 
when  the  rectangle  is  unfilled. 

-fg  color  where  color  is  one  of  a predefined  list  of  foreground  colors.  A 
default  foreground  of  white  is  used. 

-11  float  float  specifies  the  position  in  a user  defined  world  coordinate 
system  for  the  lower  left  corner  of  the  rectangle.  A default  value  of 
(0.0,  0.0)  is  used. 

-It  line.type  only  SOLID  JUNE  is  supported  at  present. 

-Iw  integer  specifies  the  width  of  the  line  in  pixels. 

-ur  float  float  specifies  the  position  in  a user  defined  world  coordinate 
system  for  the  upper  right  corner  of  the  rectangle.  A default  value  of 
(1.0,  1.0)  is  used. 
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Ctx(l) 


Ctx(l) 


NAME 

Ctx  - create  a view  file  containing  a text  object. 

SYNOPSIS 

Ctx  [options] 

DESCRIPTION 

Ctx  creates  a text  object  which  is  stored,  by  default,  in  the  view  file  tx.v. 
Options  CEUi  be  used  to: 

(1)  append  knowledge  about  the  text  to  the  view  file. 

(2)  append  help  dociunentation  about  the  text  to  the  view  file. 

(3)  redirect  the  output  of  Ctx  to  a view  file. 

System  default  files  tx.k  and  tx.hlp  are  provided. 

OPTIONS 


“bg  color  where  color  is  one  of  predefined  list  of  bsickground  colors.  A 
default  background  of  black  is  used. 

-d  direction  specifies  the  text  direction  to  be  either  HORIZONTAL  or 
VERTICAL. 

-fg  color  where  color  is  one  of  a predefined  list  of  foreground  colors.  A 
default  foreground  of  white  is  used. 

-j  justification  one  of  9 possible  values  of  logically  ORing  the  constants 
ATXEFT_EDGE,  CENTERED,  ATJUGHTXDGE  with 
AT.TOPXDGE,  CENTERED,  AT_BOTTOM_EDGE.  The  justifica- 
tion determines 

how  the  text  is  placed  with  respect  to  the  anchor  point  for  the  text 
string.  A default  value  of  CENTERED  is  used. 

-p  float  float  specifies  the  anchor  position  of  the  text  in  a user  deter- 
mined world  coordinate  system.  The  default  position  is  (0,0). 

-s  size  gives  an  integer  specifying  text  size  in  hardware.  A default  value 
of  2 is  used. 

-t  string  where  string  is  a character  string  which  must  be  enclosed  in 
double  quotation  marks  ” if  the  string  contains  white  space.  A NULL 
string  is  used  when  the  -t  option  is  not  supphed. 
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NAME 

Cvt  - create  a view  file  containing  a vector  text  object. 

SYNOPSIS 

Cvt  [options] 

DESCRIPTION 

Cvt  creates  a vector  text  object  which  is  stored,  by  default,  in  the  view 
file  vt.v.  Options  can  be  used  to: 

(1)  append  knowledge  about  the  vector  text  to  the  view  file. 

(2)  append  help  documentation  about  the  vector  text  to  the  view  file. 

(3)  redirect  the  output  of  Cvt  to  a view  file. 

System  default  files  vt . hip  and  vt . k are  provided. 

OPTIONS 


-d  direction  specifies  the  text  direction  to  be  either  HORIZONTAL  or 
VERTICAL. 

-fg  color  where  color  is  one  of  a predefined  list  of  foreground  colors.  A 
default  foreground  of  white  is  used. 

-j  justification  one  of  9 possible  values  of  logically  ORing  the  constants 
ATXEFTJEDGE,  CENTERED,  ATJIIGHT_EDGE  with 
AT.TOP_EDGE,  CENTERED,  AT30TT0M_EDGE.  The  justifica- 
tion determines 

how  the  text  is  placed  with  respect  to  the  anchor  point  for  the  text 
string.  A default  value  of  CENTERED  is  used. 

-p  float  float  a pair  of  numbers  specifying  the  anchor  position  of  the  text 
in  a user  determined  world  coordinate  system.  The  default  position 
is  (0,0). 

-t  string  where  string  is  a character  string  which  must  be  enclosed  in 
double  quotation  marks  " if  the  string  contains  white  space.  A NULL 
string  is  used  when  the  -t  option  is  not  supplied. 

-ta  float  a number  giving  the  angle  in  degrees  from  the  text  base  line  to 
the  horizontal.  A default  value  of  0.0  is  used. 

-tc  float  a number  giving  the  intercharacter  spacing  of  the  text.  Normally 
set  to  0.0,  the  character  spacing  represents  a fraction  of  the  character 
width  to  add  between  characters. 
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-tf  font  one  of  a set  of  15  Hershey  fonts  can  be  specified. 

-th  float  sets  the  text  height  with  respect  to  the  text  baseline.  Normally 
set  to  1.0  giving  a default  size  of  1024  default  world  coordinate  unit 
high. 

“tl  float  a number  giving  the  interline  spacing  of  the  text.  Normally  set 
to  0.0,  the  line  spacing  represents  a fraction  of  the  character  height 
to  add  between  lines. 

-ts  float  sets  the  text  slant  by  specifying  the  angle  in  degrees  by  which 
the  text  is  rotated  from  normal  toward  the  rotated  text  baseline. 

-tw  float  sets  the  text  height  with  respect  to  the  text  baseline.  Normally 
set  to  1.0  giving  a default  size  of  1024  default  world  coordinate  units 
high. 
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5.2.  Intermediate  Level  Facilities 


This  section  of  the  manual  presents  the  tools;  Cdr,  Cmi,  Csd  and  Ctt.  which  are 
used  to  create  drawings,  menu  items,  subdrawings,  and  threshold  tables.  The 
primitive  graphical  objects  which  can  be  created  using  the  low  level  facilities 
of  section  5.1  are  not  complex  enough  to  build  a complete  human-computer 
interface.  It  is  convenient  to  define  an  intermediate  level  of  tools  which  can  be 
used  to  create  intermediate  widgets  such  as  menu  items  and  pictographs  that 
can  be  later  included  in  higher  level  objects. 

Pictographs  can  be  constructed  using  the  low  level  graphical  objects  created 
using  the  utilities  described  in  §5.1.  These  pictographs  are  created  using  the 
facilities  Cdr  and  Csd,  which  create  drawing  and  subdrawing  objects.  The  Cmi 
facility  is  used  to  connect  a process  to  a text,  vector  text  string,  or  a pictograph 
object.  The  process  can  be  signaled  when  the  object  is  selected.  The  Ctt  facility 
can  be  used  to  create  a collection  of  graphic  objects  stored  in  a threshold  table. 
A look-up  valve  is  used  to  select  which  of  the  objects  in  the  table  to  display. 

The  program  viewjnerge . c from  the  D V-Tools  User’s  Guide  provides  a tem- 
plate for  Cdr  and  Csd.  Creation  of  threshold  tables  is  shown  in  view.create . c 
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NAME 

Cdr  - create  a view  file  containing  a drawing  object. 

SYNOPSIS 

Cdr  [options] 

DESCRIPTION 

Cdr  creates  a drawing  object  which  is  stored,  by  default,  in  the  view  file 
dr.v.  Options  can  be  used  to: 

(1)  append  knowledge  about  the  drawing  to  the  view  file. 

(2)  append  help  documentation  about  the  drawing  to  the  view  file. 

(3)  redirect  the  output  of  Cdr  to  a view  file. 

Drawing  objects  contain  a deque  of  objects  zind  a symbol  table  of  names 
for  every  named  object  in  the  deque.  Cdr  is  used  to  merge  a number  of 
separate  graphical  primitives  into  more  complex  drawings. 

OPTIONS 


-bg  color  where  color  is  one  of  a predefined  list  of  background  colors.  A 
default  background  of  black  is  used.  The  flag  NO_BACKGROUND 
means  that  the  backgroimd  is  to  be  transparent. 

-fg  color  where  color  is  one  of  a predefined  list  of  foreground  colors.  A 
default  foreground  of  white  is  used. 

-1  fllel.v  namel  . . . specifies  a list  of  (view  file,  name)  pairs.  The  view 
file  contains  the  graphical  object  to  be  merged  into  the  drawing  and 
the  name  is  a text  string  used  to  identify  the  object.  If  the  name  is 
missing,  the  default  ncime  of  the  object  stored  in  the  view  file  is  used. 
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NAME 

Cmi  - create  a selectable  graphic  object  with  an  associated  side-efFect. 

SYNOPSIS 

Cmi  [options]  -p  process  -v  file.v 

DESCRIPTION 

Cmi  combines  either  a text  object,  vector  text  object,  or  an  icon  specified 
by  the  -v  options  with  a process  to  form  one  view  file  that  can  be  included 
as  part  of  a menu.  The  process  specified  by  the  command  line  is  a text 
string,  which  should  be  enclosed  in  double  quotes  " if  it  contains  White 
space.  The  process  is  a process  name  together  with  an  optional  list  of 
arguments.  The  process  name  is  stpred  in  the  data  source  list  of  the 
view  and  the  graphic  object  is  stored  in  the  drawing  for  the  view.  The 
argument  list  for  the  process,  if  present,  is  stored  as  a text  object  in  the 
drawing.  A border  for  the  menu  item  is  drawn  as  a bounding  box  for 
the  graphic  object.  Note  that  the  position,  size,  interaction  technique  and 
highlighting  method  are  not  specified  when  a menu  item  is  created  since 
these  are  properties  of  the  menu  and  the  interface. 

OPTIONS 

-b  border  specifies  the  style  of  the  border.  Values  for  border  are  BOX, 
NESTED  .BOX,  and  N030RDER. 

SEE  ALSO 

Cmenu(3) 
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NAME 

Csd  - create  a view  file  containing  a subdrawing  object. 

SYNOPSIS 

Csd  [options] 

DESCRIPTION 

Csd  creates  a drawing  object  which  is  stored,  by  default,  in  the  view  file 
sd.v.  Options  can  be  used  to: 

(1)  append  knowledge  about  the  subdrawing  to  the  view  file. 

(2)  append  help  documentation  about  the  subdrawing  to  the  view  file. 

(3)  redirect  the  output  of  Csd  to  a view  file. 

Subrawing  objects  are  static  drawings  with  no  dynamic  elements.  When 
subdrawings  are  saved  in  a view  file,  they  are  included  or  referenced.  In- 
cluded subdrawings  are  copied  into  the  view  file,  while  referenced  sub- 
drawings store  only  the  file  name  of  the  drawing  view  file. 

OPTIONS 


“fg  color  where  color  is  one  of  a predefined  list  of  foregroimd  colors.  A 
defa\ilt  foreground  of  white  is  used. 

-p  float  float  specifies  a center  point  for  the  subdrawing.  A default  value 
of  (0,0)  is  used. 
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NAME 

Ctt  - create  a view  file  containing  a threshold  table  object. 

SYNOPSIS 

Ctt  [options] 

DESCRIPTION 

Ctt  creates  a drawing  object  which  is  stored,  by  default,  in  the  view  file 
tt.v.  Options  can  be  used  to: 

(1)  append  knowledge  about  the  threshold  table  to  the  view  file. 

(2)  append  help  documentation  about  the  subdrawing  to  the  view  file. 

(3)  redirect  the  output  of  Csd  to  a view  file. 

A threshold  table  object  is  used  to  map  a value  to  an  object.  The  value 
of  a variable  descriptor  determines  which  object  from  the  table  will  be 
displayed. 

OPTIONS 


-rgb  value  integer  integer  integer  . . . defines  a red-green-blue  color 
threshold  table.  The  integers  should  be  in  the  range  0 to  255. 

-lu  value  index. . . defines  a color  look-up  threshold  table  that  used  the 
index  to  access  the  display  device’s  color  look-up  table. 

-1  value  flle.v  . . . specifies  a threshold  table  contain  the  objects  fovmd  in 
the  view  files  of  the  list. 
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5.3.  Input  Facilities 

There  are  8 tools  which  can  be  \ised  to  create  input  devices;  Cchecklist,  Ccom- 
biner,  Cmenu,  Cmulti,  Cpalette,  Cpanel,  Cslider  and  Ctoggle.  See  §2.1  and  2.1.2. 
Each  input  device  is  connected  to  an  interaction  handler  specified  by  the  -vn 
option  with  the  interactions  handlers  suppUed  by  DataViews  software  used  as 
defaults.  A layout  for  the  interaction  handlers  specified  by  the  -v  option  de- 
termines how  the  input  object  wiU  appear.  The  layout  file  must  conform  to 
the  specification  for  labeled  areas  and  text  stringy.  See  the  DV-Tools  Users 
Guide  and  Reference  manual  for  details.  Select,  cancel,  done,  restore  and  clear 
keys  can  be  set  using  the  -select  string,  -cancel  string,  -done  string, 
-restore  string  and  -clear  string  options.  The  string  supplied  to  these 
options  should  be  enclosed  in  “ if  it  contains  white  space. 

The  programs  IH_menu.c  and  forms  .c  provide  templates  for  creating  input 

technique  view  files. 
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NAME 

Cchecklist  - create  a checklist  of  objects  and  associated  eu:tions, 

SYNOPSIS 

Cchecklist  [options]  -1  iteml.v  ...  itemN.v 

DESCRIPTION 

A checklist  allows  selection  from  a list  of  objects.  The  list  of  objects  are 
pictographs  with  associated  check  areas.  A check  symbol  is  displayed  in 
the  check  area  when  the  object  is  selected.  Each  object  has  a corresponding 
variable  which  is  set  to  1.0  or  0.0  when  the  object  is  selected  or  deselected. 
The  list  of  view  files  specified  in  the  command  line  should  have  been  created 
using  the  Cmi  tools.  When  the  input  from  the  checklist  is  accepted  by  the 
operator,  the  processes  associated  with  each  checked  item  is  executed. 

OPTIONS 


-bg  color  specifies  the  background  color.  Black  is  the  default. 

-c  file.v  is  used  to  define  a check  symbol.  A default  symbol  is  used  if  this 
option  is  not  specified. 

-fg  color  specifies  the  foreground  color.  White  is  the  default. 

-nti  integer  integer  specifies  layout  for  objects  as  a matrix  of  rows  and 
columns. 

-p  float  float  specifies  the  petition  of  the  checklist. 

"Vn  interaction_handler  Only  VNchecklist  is  provided  as  an  interaction 
handler. 

BUGS 

More  than  one  checklist  interaction  handler  should  be  available. 
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NAME 

Ccombiner  - create  a combination  cf  input  objects. 


SYNOPSIS 

Ccombiner  [options] 

DESCRIPTION 

A combiner  interaction  handler  allows  a collection  of  checklists,  menus, 
palettes,  panels,  sliders  and  toggles  to  be  combined  into  one  input  object. 
At  least  one  input  object  should  be  specified  in  the  command  line  option 
list.  Placement  of  each  input  object  included  in  the  combination  is  speci- 
fied by  a pair  of  coordinates  giving  diametrically  opposite  comers  for  the 
input  object.  The  coordinate  system  may  be  chosen  by  the  user. 

OPTIONS 


-bg  color  specifies  the  background  color.  Black  is  the  default. 

-fg  color  specifies  the  foregroimd  color.  White  is  the  default. 

-c  fllel.v  (ii,  i/i),  (x2,  yj)  • • • specifies  a list  of  checklists  objects  together 
with  the  positions  of  diametrically  opposite  comers  for  each  checklist. 

-m  fllel.v  (ii,yi),  (x2,y2>  • specifies  a list  of  menus  objects  together 

with  their  positions. 

-pn  fllel.v  (ii,yi),  (x2,y2)-.-  specifies  a list  of  panel  objects  together 
with  their  positions. 

-pi  fllel.v  (xi,yi),  (x2,y2)---  specifies  a list  of  palette  objects  together 
with  their  positions. 

-s  fllel.v  (xi,  yi),  (x2,  y2)  • • • specifies  a list  of  slider  objects  together  with 
their  positions. 

-t  fllel.v  (xi,yi),  (x2,y2)---  specifies  a list  of  toggle  objects  together  with 

their  positions. 

-vn  interaction_handler  Only  VNcombiner  is  provided  as  an  interac- 
tion handler. 

BUGS 

More  than  one  combiner  interaction  handler  should  be  available. 
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NAME 

Cmenu  - create  a menu  by  combining  one  or  more  menu  items. 

SYNOPSIS 

Cmenu  [options]  -1  iteml.v  ...  itemN.v 

DESCRIPTION 

Cmenu  creates  a menu  from  a number  of  existent  menu  items  which  have 
been  stored  as  view  files.  The  menu  is  stored  as  a view  file.  The  menu 
style,  trigger  for  selection,  and  highlighting  method  are  set  by  default  to 
^AR,  cliclc  left  mouse  button  inside  item  area,  and  toggle  border  between 
thick  and  thin  when  the  cursor  is  within  the  menu  items. 

OPTIONS 


-bg  color  specifies  the  background  color.  Black  is  the  default. 

-fg  color  specifies  the  foreground  color.  White  is  the  default. 

-e  echo  defines  how  menu  items  will  be  echoed.  Valid  values  are  BOR- 
DER, which  is  the  default,  FILL,  and  NONE.  The  BORDER  option 
toggles  the  line  thickness  of  a text  menu  item  between  thick  and  thin. 
The  botmding  box  of  a icon  menu  item  is  drawn  when  the  BORDER 
option  is  used.  FILL  toggles  the  fill  of  the  menu  item  area  between 
filled  and  unfilled  and  is  valid  only  for  text  menus.  The  menu  is  never 
highhghted  when  the  NONE  option  is  specified. 

“P  poll  controls  whether  or  not  the  menu  item  highlights  whenever  the 
cursor  is  inside  of  the  menu  item.  The  default  is  YES  which  high- 
lights the  menu  item  whenever  the  cursor  is  inside  of  the  menu  item 
bounding  box.  NO  highlights  the  item  only  when  the  pick  or  selection 
is  made. 

-s  style Jlag  There  are  10  available  menu  styles:  HJBAR,  V_BAR, 
H_STACK,  VJSTACK,  POP.UP,  PULL J)OWN,  PULL  UP, 

PULL XEFT,  PULL  JIIGHT,  and  CARDS. 

-sp  space  .flag  Setting  the  space  flag  to  NO  causes  the  last  highlighted 
menu  item  to  remain  highlighted  when  the  cursor  is  not  in  the  menu 
item  area.  The  default  setting  is  NO. 
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-st  status_ilag  setting  the  status  flag  to  YES  causes  the  menu’s  control 
variable  to  be  used  to  highlight  the  corresponding  menu  item  when 
the  menu  is  initially  drawn.  The  value  NO  highlights  no  initial  menu 
item. 

-vn  interactionjiandler  Only  VNmenu  is  provided  as  an  interaction 
handler. 


BUGS 

More  than  one  menu  interaction  handler  should  be  available. 
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NAME 

Cmulti  - create  a multiplexor  allowing  one  input  technique  to  be  shared 
by  several  input  objects. 

SYNOPSIS 

Cmulti  [options]  -m  file.v  -1  filel.v  . . . 

DESCRIPTION 

A menu,  specified  by  the  -m  option,  is  used  to  select  which  of  the  input 
objects  listed  after  the  -1  option 

OPTIONS 


-bg  color  specifies  the  background  color.  Black  is  the  default. 

-fg  color  specifies  the  foregroimd  color.  White  is  the  defatdt. 

-e  echo  defines  how  menu  items  will  be  echoed.  Valid  values  are  BOR- 
DER, which  is  the  default,  FILL,  and  NONE.  The  BORDER  option 
toggles  the  line  thickness  of  a text  qienu  item  between  thick  and  thin. 
The  bounding  box  of  a icon  menu  item  is  drawn  when  the  BORDER 
option  is  used.  FILL  toggles  the  fill  of  the  menu  iteni  area  between 
filled  and  unfilled  and  is  valid  only  for  text  menus.  The  menu  is  never 
highlighted  when  the  NONE  option  is  specified. 

-p  poll  controls  whether  or  not  the  menu  item  highlights  whenever  the 
cmsor  is  inside  of  the  menu  item.  The  default  is  YES  which  high- 
lights the  menu  item  whenever  the  cursor  is  inside  of  the  menu  item 
bounding  box.  NO  highlights  the  item  only  when  the  pick  or  selection 
is  made. 

-s  stylejflag  There  are  10  available  menu  styles:  H_BAR,  V_BAR, 
H_STACK,  VJSTACK,  POP.UP,  PULLJDOWN,  PULL.UP, 
PULLXEFT,  PULL JIIGHT,  and  CARDS. 

-sp  space _flag  setting  the  space  flag  to  NO  causes  the  last  highlighted 
menu  item  to  remain  highlighted  when  the  cursor  is  not  in  the  menu 
item  area.  The  default  setting  is  NO. 

-st  status_flag  setting  the  status  flag  to  YES  causes  the  menu’s  control 
variable  to  be  used  to  highlight  the  corresponding  menu  item  when 
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the  menu  is  initially  drawn.  The  value  NO  highlights  no  initial  menu 
item. 

-vn  interactionJiandler  Only  \T^multi  is  provided  as  an  interaction 
handler. 

BUGS 

More  than  one  menu  interaction  handler  should  be  available. 
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NAME 

Cpalette  - create  a color  palette. 

SYNOPSIS 

Cpalette  [options]  -v  file.v 

DESCRIPTION 

Cpalette  creates  a palette  from  a threshold  table.  The  view  file  specified 
by  the  -v  options  should  be  created  with  the  Ctt  tool. 

OPTIONS 


-bg  color  specifies  the  background  color.  Black  is  the  default. 

-fg  color  specifies  the  foreground  color.  White  is  the  default. 

-p  poll  controls  whether  or  not  the  palette  highlights  whenever  the  cursor 
is  inside  of  the  palette.  The  default  is  YES  which  echos  the  palette  se- 
lection whenever  the  cursor  is  inside  of  a palette  item.  NO  highlights 
the  item  only  when  the  pick  or  selection  is  made. 

-vn  interaction_handler  Only  VN palette  is  provided  as  an  interaction 
handler. 


BUGS 

More  than  one  palette  interaction  handler  should  be  available. 
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NAME 

Cpanel  - create  an  text  input  panel  for  a single  line  of  text. 

SYNOPSIS 

Cpanel  [options]  -p  process  -v  file.v 

DESCRIPTION 

Cpanel  creates  a text  input  panel.  A view  file  file.v  is  used  to  supply  a 
drawing  for  the  panel.  The  view  file  must  contain  a closed  region  for  input 
labeled  Text  Jnput.area  and  optionally  four  regions  labeled  Restore.area, 
Clear.area,  Done.area,  and  Cancel.area.  The  text  input  area  defines  where 
the  input  string  will  be  displayed.  If  the  string  is  too  long  to  fit  within  the 
text  input  area,  the  string  is  scrolled  to  the  left.  The  restore,  clear,  done, 
and  cancel  areas  define  buttons  which  respectively  restore  the  input  string 
to  its  original  value,  set  the  input  string  to  NULL,  signal  completion  of 
the  input,  and  abort  the  interaction  returning  a cancel  code  and  NULL 
string. 

OPTIONS 


-bg  color  specifies  the  background  color.  Black  is  the  default. 

-fg  color  specifies  the  foregroimd  color.  White  is  the  default. 

-b  bell_flag  A value  of  YES  (default)  sovmds  the  bell  when  there  is  too 
much  text  for  the  interaction  handler  to  accept. 

-c  caret  .flag  uses  the  caret  symbol  to  mark  the  current  cursor  location. 
Values  are  YES  (default)  and  NO. 

-vn  interaction_handler  Only  VNtext  is  provided  as  an  interaction  han- 
dler. 


BUGS 

More  than  one  text  interaction  handler  should  be  available. 
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NAME 

Cslider  - create  a slider  (valuator)  for  input  of  a floating  point  number. 

SYNOPSIS 

Cslider  [options]  -p  process  -v  file.v 

DESCRIPTION 

Create  a slider  input  object  for  floating  point  values.  When  the  slider 
value  is  accepted,  the  value  is  sent  as  input  to  the  process. 

OPTIONS 


-bg  color  specifies  the  background  color.  Black  is  the  default. 

-fg  color  specifies  the  foreground  color.  White  is  the  default. 

-dn  file.v  fioat  fioat  specifies  a DOWN  button  view  file  and  its  position. 

-inc  fioat  controls  the  percentage  of  the  variable  range  by  which  the  slider 
position  changes  when  the  UP  and  DOWN  buttons  are  selected. 

-p  poll  controls  whether  or  not  the  slider  highlights  whenever  the  cursor 
is  inside  of  the  slider.  The  default  is  YES  which  echos  the  slider 
selection  whenever  the  cursor  is  inside  of  a slider  item.  NO  highlights 
the  item  only  when  the  pick  or  selection  is  made. 

-r  min  max  specifies  a range  for  the  slider.  The  default  is  0.0  to  1.0. 

-t  type  specifies  either  a slider  or  scrollbar  representation  when  drawing 
the  slider.  Valid  types  are  SLIDER  and  SCROLL. 

-up  file.v  fioat  float  specifies  a UP  button  view  file  and  its  position. 

-var  string  float  float  controls  position  and  appearance  of  a variable 
string  describing  the  slider  data. 

-vn  interactionjhandler  Only  VNslider  is  provided  as  an  interaction 
handler. 


BUGS 

More  than  one  slider  interaction  handler  should  be  available. 
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Ctoggle(3) 


Ctoggle(3') 


NAME 

Ctoggle  - create  a toggle  which  can  send  discrete  values  to  a process. 

SYNOPSIS 

Ctoggle  [options]  -p  process  -v  file.v 

DESCRIPTION 

Ctoggle  creates  graphic  switch  that  is  attached  to  the  input  pipe  of  a 
process.  The  view  file  contains  either  a sequence  of  text  strings  or  graphic 
icons.  If  a Ust  of  text  strings  is  specified,  the  display  will  toggle  through 
the  Ust.  If  text  strings  are  not  used  the  sequence  of  iconic  objects  stored 
in  the  drawing  of  the  view  file  will  be  sequentially  displayed.  By  default 
the  display  Ust  wraps  ziround  cyclicly. 

The  processes  associated  with  the  selected  option  will  execute  when  the 
input  is  accepted. 

OPTIONS 


-bg  color  specifies  the  background  color.  Black  is  the  default. 

-fg  color  specifies  the  foreground  color.  White  is  the  default. 

-vn  interaction-handler  Only  VNtoggle  is  provided  as  an  interaction 
handler. 

-w  wrap-flag  controls  whether  the  display  cycles  from  the  last  to  the  first 
object  in  the  object  Ust  or  bounces  between  the  last  object  and  first 
object  through  intermediate  objects.  The  default  is  YES,  causing  the 
display  to  cycle,  while  a value  of  NO  causes  the  display  to  bounce. 

BUGS 

More  than  one  toggle  interaction  handler  should  be  available. 
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5.4.  Output  Facilities 


At  present,  the  TCMS  interface  package  does  not  contain  tools  for  creating  out- 
put monitoring  widgets  such  as  line  graphs,  bar  charts  and  pie  charts.  DV-Draw 
provides  a convenient,  interactive  environment  for  creating  such  objects.  Later 
versions  of  the  TCMS  interface  package  can  provide  facilities  for  creating  these 
widgets.  This  would  promote  a consistent  style  for  creating  the  interface,  it  may 
be  more  efficient,  and  it  may  provide  for  more  power  in  creating  output  moni- 
toring widgets.  See  Display  Formatters  [2]  and  Writitig  Display  Formatters  [3]. 
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5.5.  High  Level  Tools 


The  high  level  facilities:  Cicon,  Cinterfac:e,  Cscroll  and  Cwindow  are  presented 
in  this  section  of  the  manual. 

An  icon  is  a closed  window.  A window  can  be  either  open  or  closed,  active 
or  inactive.  An  open  aetive  window  czm  either  be  interactive  or  noninteractive. 
A scroll  window  is  an  interactive  window  which  can  be  scrolled  horizontally, 
vertically  or  both. 

The  tool  Cinterf ace  is  used  to  create  an  interface  which  can  be  played. 

The  specification  of  options  for  the  facilities  contained  in  this  section  are  not 
complete. 
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Cicon(5) 


Cicon(5) 


NAME 

Cicon  - create  an  icon. 

SYNOPSIS 

Cicon  [options]  -cl  file.v  (x,y)  -op  file.v  (x,y) 

DESCRIPTION 

Cicon  is  used  to  create  an  icon.  An  icon  is  a closed  window.  The  -cl 
option  specifies  the  position  an  drawing  for  the  closed  icon.  The  drawing 
should  have  been  created  using  the  Cdr  tool.  The  -op  option  specifies  the 
position  and  drawing  for  the  open  window.  The  open  window  should  have 
been  created  using  the  Cvindow  tool.  Selecting  a closed  icon  opens  it.  An 
open  window  can  be  iconified  using  the  “U  tilities”  menu  provided  with  the 
interface. 

OPTIONS 


-fg  color  where  color  is  one  of  a predefined  list  of  foregroimd  colors.  A 
default  foreground  of  white  is  used. 

BUGS 

The  specification  of  Cicon  is  incomplete. 
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Cinterface(5) 


NAME 

Cinterface  - create  a interface  from  a collection  of  view  files. 

SYNOPSIS 

Cinterface  [options] 

DESCRIPTION 

Cinterface  is  used  to  create  an  interface.  An  interface  must  contain  one 
or  more  menus.  Each  interface  contains  a utility  menu  which  can  be  used 
by  the  operator  to  change  the  attributes  of  the  graphic  objects  within  the 
interface.  The  utility  menu  is  supplied  as  part  of  the  TCMS  interface 
toolkit.  Application  menus  can  optionally  be  added  to  the  interface. 

OPTIONS 

-bg  color  where  color  is  one  of  a predefined  list  of  background  colors.  A 
default  background  of  black  is  used. 

-i  flle.v  (xi,yi)(x2,!/2)  ■ • • specifies  a list  of  icons  and  their  positions. 

-m  flle.v  (xi,  yi)(x2,  yj)  • • • specifies  a list  of  menus  and  their  positions, 
-s  flle.v  (xx,  yi)(x2,  y2)  ■ • • specifies  a list  of  scroll  windows  and  their  po- 
sitions. 

-w  flle.v  (xi,  yi)(x2,  yj)  • • • specifies  a list  of  windows  and  their  positions. 

BUGS 

The  specification  of  Cinterface  is  incomplete. 
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Cscroll(5) 


Cscroll(5) 


NAME 

Cscroll  - create  a scroll  window. 

SYNOPSIS 

Cscroll  [options] 

DESCRIPTION 

Cscroll  is  used  to  create  a scroll  window. 

OPTIONS 


-bg  color  where  color  is  one  of  a predefined  list  of  background  colors.  A 
default  background  of  black  is  used. 

BUGS 

The  specification  of  Cscroll  is  incomplete. 
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Cwindow(5) 


Cwindow(5) 


NAME 

Cwindow  - create  a window  contain  other  graphic  objects. 

SYNOPSIS 

Cwindow  [options] 

DESCRIPTION 

Cwindow  is  iised  to  create  a complex  graphic  object  consisting  of  one  or 
more  simple  objects. 

OPTIONS 

-b  border  specifies  the  style  of  the  border.  Values  for  border  are  BOX, 
NESTED -BOX,  and  NO-BORDER. 

-bg  color  where  color  is  one  of  a predefined  list  of  background  colors.  A 
default  background  of  black  is  used. 

-1  flle.v  float  float  . . . list  of  objects  and  positions  for  inclusion  in  the 
window. 

BUGS 

The  specification  of  Cwindow  is  incomplete. 
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5.6.  Utility  Tools 

There  are  several  utilities  which  support  the  interface. 
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colstat(6) 


colstat(6) 


NAME 

colstat  - collect  statistics  of  the  use  of  the  interface. 

SYNOPSIS 

colstat  [options] 

DESCRIPTION 

Statistics  on  the  use  of  the  interface  are  collected  from  a log  file  of  statistics. 
The  system  default  file  (/usr/local/tcms/adm/tcms . log)  is  used  as  the 
log  file,  unless  another  file  is  specified  with  the  -f  option. 

OPTIONS 


-c  sort  output  by  command. 

-d  sort  output  by  date. 

-f  file  use  the  specified  file  for  statistics. 

-8  sort  output  by  user  time  on  the  system. 

-u  user  print  statistics  for  the  specified  user. 

BUGS 

Specification  of  which  user  interact  ions  should  be  recorded  in  the  log  file 
has  not  been  determined. 


c; 
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edview(6) 


edview(6) 


NAME 

edview  - edit  a view  file. 

SYNOPSIS 

edview  [options]  file.v 

DESCRIPTION 

Edview  is  used  to  change  attributes,  control  points,  and  names  of  objects 
contained  inside  of  a view  file.  Each  primitive  of  object  supported  by  the 
TCMS  interface  can  be  edited  by  supplying  an  at  tribute- value  list.  The 
attribute  indicates  which  characteristic  of  the  object  to  change  and  the 
value  gives  the  characteristics  new  value.  Compound  objects  can  be  edited 
by  specifying  the  name  of  a primitive  object  contained  in  the  compound 
object  together  with  an  attribute  value  p>air. 

OPTIONS 


-ar  attribute-value  list 
-ci  attribute-value  list 
-In  attribute-value  list 
-re  attribute-value  list 
-py  attribute- value  list 
-tx  attribute-value  list 
-vt  attribute-value  list 
-dr  name-attribute-value  list 
-mi  name-attribute-value  list 
-sd  name-attribute-value  list 
-tt  name-attribute-value  list 
-checklist  name-attribute-value  list 
-menu  name-attribute-value  list 
-palette  name-attribute-value  list 
-panel  name-attribute-value  list 
-slider  name-attribute-value  list 
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edview(6) 


edview(6) 


-toggle  name-attribute-value  list 
-icon  name-attribute-value  list 
-scroll  name-attribute-value  list 
-window  name-attribute-value  list 
-interface  name-attribute-value  list 

SEE  ALSO 

prview(6) 
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fuzz(6) 


fuzz(6) 


NAME 

fuzz  - verify  setting  in  the  interface  against  a knowledge  base  of  human- 
computer  interface  guidelines. 

SYNOPSIS 

fuzz  [options] 

DESCRIPTION 

Fuzz  is  similar  to  the  hnt  routine  which  detects  features  of  a C program 
that  are  likely  to  be  bugs,  non- portable,  or  wasteful.  Fuzz  is  used  to  verify 
that  an  interface  does  not  violate  human-factor  guidelines. 

BUGS 

There  are  some  guidelines  which  can  not  be  checked  by  fuzz,  because  they 
deal  with  the  dynamic  display  of  the  interface. 
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play(6) 


play{6) 


NAME 

play  - play  an  interface,  reading  its  view  file  opening  the  processes  and 
files  in  its  data  source  list  and  displaying  its  drawing. 

SYNOPSIS 

play  interface 

DESCRIPTION 

Play  is  use  to  execute  an  interface.  The  code  given  in  playback. c from 
the  DV-Tools  User’s  Guide  provides  a template  for  the  play  facility. 

BUGS 

Only  view  files  created  with  the  C interface  command  can  be  played. 
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prview(6) 


prview(6) 


NAME 

prview  - print  a view. 

SYNOPSIS 

prview  file.v 

DESCRIPTION 

Object  names,  positions,  and  attributes  contained  in  a view  file  are  printed 
This  information  can  be  useful  when  editing  a view  file. 
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6.  Conclusions  and  Recommendations 


A brief  summary  of  the  preliminary  design  contained  in  this  report  is  presented. 
Recommendations  for  how  to  proceed  in  implementing  the  design  are  discussed. 


6.1.  Summary  of  the  Report 

This  report  provides  a preliminary  design  for  an  intelligent  human-computer 
interface  for  the  TCMS  at  Kennedy  Space  Center.  The  report  describes  tools 
that  can  be  used  to  build  complex  graphical  objects  such  as  menus,  valuators, 
windows  and  icons  from  primitive  parts  or  widgets. 

One  requirement  for  the  TCMS  interface  is  that  it  behave  in  an  intelligent 
and  consistent  manner.  A defimtion  of  an  intelligent  human-computer  interface 
is  given  and  methods  for  embedding  intelhgence  into  the  objects  created  with 
the  TCMS  toolkit  are  discussed. 

A concern  related  to  the  intelligence  of  the  interface  is  the  design  of  the  help 
facility.  Help  provided  by  the  TCMS  inf  erface  can  be  quite  varied  as  it  includes 
not  only  help  in  using  the  interface,  but  also  help  for  testing,  monitoring  and 
controlling  the  applications  attached  to  the  interface.  A hypertext  based  help 
facility  is  proposed. 

A manual  describing  the  tools  and  utilities  of  the  TCMS  toolkit  is  provided. 
The  tools  range  from  simple  tools  which  create  basic  objects  such  as  lines,  rect- 
angles and  text,  to  complex  tools  that  create  menus,  windows  and  complete 
interfaces.  A number  of  utility  functions  are  also  included  in  the  toolkit.  These 
utilities  serve  to  execute  an  interface,  collect  statistics  on  its  use,  edit  its  at- 
tributes and  perform  other  useful  functions. 
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6.2.  Recommendations  for  Implementing  the  Design 

Implementing  the  TCMS  interface  will  require  time,  people  and  other  expenses. 
A cost  estimate  for  the  implementation  needs  to  be  prepared. 

The  preliminary  design  provided  by  this  report  should  be  expanded  into  a 
detailed  design  for  the  interface.  Selection  of  commercial  off-the-shelf  software 
packages  for  implementing  the  knowledge  module  and  the  help  module  must  be 
made  before  this  detailed  design  can  be  produced. 

A team  of  designers,  progranuners  and  administrators  should  be  formed  to 
implement  the  interface.  This  team  should  be  psu^itioned  along  the  lines  of 
the  three  major  modules  of  the  interface:  the  graphics  module,  the  knowledge 
module,  and  the  help  module.  It  is  suggested  that  three  2 person  teams  be 
formed  to  implement  each  module.  Each  person  in  the  team  should  be  a com- 
petent programmer.  The  team  leader  should  be  an  expert  in  one  or  more  of 
the  three  identified  areas.  One  administrator  for  the  teams  should  be  capable 
of  coordinating  these  teams  and  performing  other  administrative  duties. 
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ABSTRACT 


Ten  thin  plastic  materials  (Velostat,  RCAS  1200,  Llumalloy, 
Herculite  80,  RCAS  2400,  Wrightlon  7000,  PVC,  Aclar  22A,  Mylar, 
and  Polyethylene)  were  tested  for  electrostatic  properties  by 
four  different  devices:  (1)  The  static  decay  meter,  (2)  the 

manual  t ri boel ect ri c testing  device,  (3)  the  robotic 
t ri boel ectri c testing  device,  and  (4)  the  resistivity 
measurement  adapter  device. 

The  static  decay  meter  measured  the  electrostatic  decay  rates  in 
accordance  with  the  Federal  Test  Method  Standard  lOlB,  Method 
4046.  The  manual  and  the  robotic  t ri boel ectri c devices  measured 
the  tri boel ectri c generated  peak  voltages  and  the  five-second 
decay  voltages  in  accordance  with  the  "criteria  for  acceptance 
standards"  at  Kennedy  Space  Center.  The  resistivity  measurement 
adapter  measured  the  surface  resistivity  of  each  material. 

An  analysis  was  made  to  correlate  the  data  between  the  four 
testing  devices.  For  the  materials  tested,  the  pass/fail 
results  were  compared  for  the  4046  method  and  the  tri boel ectri c 
testing  devices.  For  the  limited  number  of  materials  tested, 
the  relationship  between  decay  rate  and  surface  resistivity  was 
investigated  as  well  as  the  relationship  between  tri boel ectri c 
peak  voltage  and  surface  resistivity. 
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INTRODUCTION 


1 . 


Electrostatics  is  the  oldest  form  of  electrical  phenomena  known, 
first  recorded  in  1600  by  William  Gilbert  in  a treatise 
entitled,  "De  Magnete."  Electricity  was  derived  from  the  Greek 
word  for  electron  (amber  in  Greek)  and  t ri boel ectri c comes  from 
the  Greek  word  “tribein"  which  means  "to  rub."  Today, 
electrostatics  is  probably  the  least  understood  and  the  hardest 
to  control  of  all  electrical  phenomena.  Yet,  it  is  very 
important  that  we  understand  and  control  it.  Why?  (1)  Charge 
buildup,  if  present  in  an  explosive  atmosphere,  can  cause  a 
spark  discharge,  resulting  in  an  explosion.  (2)  Charge  buildup, 
if  present  near  sensitive  electronic  components,  can  cause 
electronic  upset  and  therefore  product  failure.  (3)  Charge 
buildup  promotes  the  accumulation  of  dust  and  dirt  which  could 
prove  detrimental  during  further  processing  of  a product.  (4) 
Charge  buildup  is  a hazard  to  workers  doing  cri tical  jobs , often 
surprising  a worker  with  an  electrical  shock,  resulting  in  an 
accident . 


2.  PURPOSE 

The  purpose  of  this  study  was  to  test  the  electrostatic 
properties  of  thin  plastic  materials.  Materials  tested  were 
RCAS  1200,  RCAS  2400,  Llumalloy,  Velostat,  PVC,  Polyethylene, 
Mylar,  Wrightlon  7000,  Herculite  80,  and  Aclar  22A.  The  manual 
tri boel ectri c device  and  the  robotic  tri boel ectri c device  (both 
developed  at  NASA's  Kennedy  Space  Center,  Materials  Science  Lab) 
as  well  as  the  static  decay  meter.  Model  406C  (produced  by 
Electro-Tech  Systems  for  the  Federal  Test  Method  Standard  lOlB, 
Test  Method  4046)  were  used  to  measure  electrostatic  buildup 
rates,  peak  voltages,  and  decay  rates  for  each  material.  The 
resistivity  adapter  Model  6105,  produced  by  Keithley,  was  used 
to  determine  the  resistivities  of  the  materials. 

An  additional  purpose  of  this  study  was  to  correlate  the 
tri boel ectri c data  with  the  Method  4046  and  to  investigate  the 
relationship  between  charge  generation  (or  charge  decay  rate) 
and  surface  resistivity. 


3.  INSTRUMENTATION  USED 

Electrostatic  testing  of  thin  plastic  materials  was  performed  by 
the  manual  t ri boel ect ri c device,  the  robotic  tri boel ectri c 
device,  the  static  decay  meter,  and  the  resistivity  measurement 
adapter . 
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3.1  THE  MANUAL  TR I BOEL ECTR I C TEST  DEVICE 


The  manual  tri boel ectri c test  device  (see  Figures  1 and  2) 
consists  of  a grounded  aluminum  frame  with  two  cutouts  in  the 
front  face  plate.  The  lower  right  cutout  houses  the  static 
detector  head  (Keithley  Model  25U1)  whose  output  is  electrically 
fed  to  a solid  state  electrometer  (Keithley  Model  610).  The 
upper  left  cutout  is  for  the  rubbing  wheel  used  to  generate  the 
t ri boel ect r i c charge.  The  rubbing  wheel  is  connected  to  a 1/8 
HP  electric  drive  motor.  A manual  control  lever  is  used  to 
slide  the  motor/rubbing  wheel  combination  forward  so  that  the 
teflon  felt  rubbing  wheel  surface  makes  intimate  contact  with  a 
static  free  (de-ionized)  test  specimen.  The  pressure  between 
the  rubbing  wheel  and  the  test  specimen  is  3 pounds.  The 
rubbing  wheel  has  an  angular  velocity  of  200  rpm.  The  test 
specimen  is  continuously  rubbed  for  precisely  10  seconds.  After 
being  rubbed,  the  test  specimen  falls  in  front  of  the  static 
detector  head.  The  voltage  sensed  by  the  detector  head  is  fed 
into  a Nicolet  Model  4094  digital  oscilloscope  for  digital 
storage  on  a floppy  disk  and  visual  display  on  the  oscilloscope 
screen. 

3.2  THE  ROBOTIC  TR I BOEL ECTR I C TEST  DEVICE 

The  complete  robotic  device  (see  Figures  3 and  4)  consists  of  a 
sample  holding  carrousel,  a robotic  arm,  a bar  code  reader,  a 
de-ionizer,  a rub  wheel,  a pneumatic  sample  transport  system,  a 
detector  system,  a data  receiving/computing  system,  a manual 
control  station,  and  an  overall  computer  control  system. 

The  metal  carrousel  has  a diameter  of  four  feet  and  holds  96 
eight  inch  square  samples.  The  robotic  arm  can  process  samples 
at  a rate  of  47  samples  per  hour.  The  samples  are  first 
identified  by  a bar  code,  then  de-ionized  for  10  seconds.  From 
the  de-ionizer,  the  robot  arm  places  the  sample  into  a pneumatic 
sample  transporter  system.  The  sample  is  rubbed  by  a flat 
teflon  felt  rubbing  wheel  for  10  seconds  at  a constant  speed  of 
200  rpm  with  a rubbing  force  of  3 pounds.  After  the  rubbing, 
the  pneumatic  transporter  slides  the  sample  to  a position 
directly  in  front  of  an  electrostatic  detecting  head  (Keithley 
Model  2501).  The  electrostatic  charge  buildup  and  charge  decay 
is  monitored  by  the  detecting  head  which  is  connected  to  a solid 
state  electrometer  (Keithley  Model  610C).  The  electrometer 
output,  an  electrostatic  voltage  proportional  to  the 
electrostatic  charge,  is  directed  into  a digital  storage 
oscilloscope  (Nicolet  Model  4049A)  for  digital  storage  on  a 
floppy  disk  and  displayed  on  the  Y axis  versus  time. 

Additional  information  is  fed  into  the  oscilloscope  for  storage 
and  is  displayed  from  a computer  (Hewlett  Packard  Model  HP  85). 
The  computer  is  used  to  control  the  total  operation  in  the 
automatic  mode. 
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After  a 10-second  observation  of  the  electrostatic  buildup 
and  discharge,  the  sample  is  picked  up  by  the  robot  arm  and 
returned  to  its  position  in  the  sample  carrousel.  The  next 
sample  is  then  removed  from  the  carrousel  and  initiated  into  the 
test  sequence. 

The  robotic  t r i boel ect ri c testing  device  is  housed  in  an 
environmental  chamber  which  is  designed  to  maintain  any  selected 
environment  from  20%  to  95%  relative  humidity  and  any  selected 
temperature  from  40°  to  100°F. 

3.3  THE  STATIC  DECAY  METER 

The  static  decay  meter  (see  Figure  5),  Model  406C  (Electro-Tech 
Systems,  Inc.)  is  the  latest  version  of  static  decay  measuring 
equipment.  It  is  a complete  system  available  for  measuring  the 
electrostatic  properties  of  materials  in  accordance  with  Federal 
Test  Method  Standard  1018,  Method  4046  - Electrostatic 
Properties  of  Material.  The  system  also  meets  the  requirements 
of  MIL-B-81705B , NFPA  Code  56A  and  the  latest  EIA  (Electronic 
Industries  Association)  specifications  for  antistatic  materials. 

The  Model  406C  static  decay  meter  is  designed  to  test  the 
electrostatic  properties  of  materials  by  measuring  the  time 
required  for  a charged  test  sample  to  discharge  to  a known, 
predetermined  cutoff  level.  Three  manually  selected  cutoff 
thresholds  at  50%  (half-life),  10%  (NFPA-56A),  and  0% 
(MIL-B-81705B)  of  full  charge  are  provided.  Samples  are  charged 
by  an  adjustable  0 to  ± 5KV  high  voltage  power  supply.  The 
sample  is  contained  in  a special  Faraday  Cage  that  enables  the 
system  to  make  a true  electrostatic  (non-contact)  measurement  of 
the  charge  on  the  sample. 

3.4  THE  RESISTIVITY  MEASUREMENT  ADAPTER 

The  resistivity  measurement  adapter  (see  Figure  6)  Model  6105 
(Keithley)  is  a guarded  test  device  for  measuring  volume  and 
surface  resistivities  of  materials  when  used  with  a regulated 
power  supply  (Keithley  Model  247)  and  an  electrometer  (Keithley 
Model  610C).  The  complete  system  is  capable  of  measuring  volume 
resistivity  from  10^  to  3 x 10^^  ohm-cm  and  surface  resistivity 
from  10^  to  5 X 10^®  ohms  per  square,  in  accordance  with 
procedures  of  the  American  Society  for  Testing  and  Materials. 

The  adapter  can  accommodate  samples  up  to  4 inches  in  diameter 
and  1/4  inch  thick  with  excitation  voltages  up  to  1000  volts. 

For  this  experimentation  only  surface  resistivities  were  found. 
The  value  of  the  surface  resistivity  was  calculated  via  the 
following  equation: 

^ = 53.4V  [ohms  per  square] 
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where  ^ is  the  surface  resistivity  of  the  sample,  V is  the 
applied  voltaye  from  the  power  supply  in  volts,  and  I is  the 
current  reading  from  the  electrometer  in  amperes.  Measurement 
accuracy  depends  primarily  upon  the  accuracy  of  the  voltage 
source  and  the  el ect romete r , 


4.  CRITERIA  FOR  ACCEPTANCE  STANDARDS 

4.1  KSC  ELECTROSTATIC  STANDARD  FOR  THE  MANUAL  AND  THE  ROBOTIC 
TRIBOELECTRIC  DEVICES 

Materials  are  considered  acceptable  for  use  at  KSC  if  the 
electrostatic  voltage  generated  by  the  t r i boel ect r i c devices 
decays  below  350  volts  in  5 seconds. 

4.2  FEDERAL  TEST  METHOD  STANDARD  lOlB,  METHOD  4046  - 
ELECTROSTATIC  PROPERTIES  OF  MATERIALS 

National  Fire  Protection  Association  (NFPA)  code  56A:  After  the 

sample  has  received  its  maximum  charge  from  the  application  of 
5000  volts,  the  time  for  the  indicated  sample  potential  to  drop 
to  10%  of  its  maximum  values  shall  not  exceed  1/2  second. 

The  Military  (MIL-B-81705B)  and  the  Electronic  Industries 
Association  specification:  After  the  sample  has  received  its 

maximum  charge  from  the  application  of  5000  volts,  the  time  for 
the  indicated  sample  potential  to  drop  to  0%  of  its  maximum 
value  shall  not  exceed  2.00  seconds. 


5.  DESIGN  OF  THE  EXPERIMENT 

The  ten  materials  tested  for  electrostatic  properties  were  RCAS 
1200  (polyethylene),  RCAS  2400  (nylon),  Llumalloy  (polyester), 
Velostat  (polyethylene),  PVC  (vinyl),  untreated  Polyethylene 
(polyethylene),  untreated  Mylar  (polyester),  Wrightlon  7000 
(nylon),  Herculite  80  (vinyl  coated  fabric),  and  Aclar  22A 
(PCTFE) . 

Nine  samples  of  each  material  were  tested  for  peak  voltage  and 
5-second  decay  voltage  with  the  robotic  tri boel ectri c device. 
Five  samples  of  each  material  were  tested  for  peak  voltage  and 
5-second  decay  voltage  via  the  manual  t ri boel ect ri c device. 
Either  five  or  ten  samples  of  each  material  were  tested  for  10% 
and  0%  decay  times  with  the  static  decay  meter  (method  4046). 

Ten  samples  of  each  material  were  tested  for  surface  resistivity 
by  means  of  the  resistivity  measurement  adapter.  The  tests  were 
run  in  an  environmental  chamber  at  a temperature  of  75°F  - 3°F 
and  a relative  humidity  of  45%  * 5%. 
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6. 


ANALYSIS 


Table  1 is  a summary  of  the  4046  method  for  the  ten  materials. 

It  depicts  that  Velostat,  RCAS  1200,  Llumalloy,  and  Herculite  80 
passed  both  the  NFPA  Code  56A  requirements  (10%)  and  the 
military  and  EIA  requirements  (0%)  while  RCAS  2400,  Wriyhtlon 
7000,  PVC,  Aclar  22A,  and  Polyethylene  failed  both  requi rements . 

Table  2 is  a summary  of  the  manual  tri boel ectri c testing  for  the 
ten  materials.  Velostat,  RCAS  1200,  Llumalloy,  Herculite  80, 
RCAS  2400,  and  Wrightlon  7000  passed  the  KSC  acceptability 
criterion  of  decaying  below  350  volts  in  5 seconds,  while  the 
PVC,  Aclar  22A,  Mylar,  and  Polyethylene  failed  the  test. 

The  pass/fail  results  of  the  manual  tri boel ectri c testing  (Table 
2)  agree  with  the  method  4046  results  (Table  1)  for  all 
materials  except  RCAS  2400  and  Wrightlon  7000.  These  two 
materials  passed  the  manual  triboelectric  testing  but  failed  the 
4046  method.  However,  a closer  examination  of  the  manual 
triboelectric  testing  data  of  RCAS  2400  reveals  that  the 
decaying  mean  voltage  at  0.5  seconds  (the  10%  criterion  for  the 
Method  4046)  is  3322  volts,  2307  volts  above  1017  volts  (10%  of 
the  10166  volt  peak  voltage);  thereby,  failing  the  4046  10% 
criterion.  In  other  words,  using  the  10%  criterion,  RCAS  2400 
failed  both  the  manual  triboelectric  testing  and  the  4046 
method.  Further  examination  of  data  for  RCAS  2400  shows  that  it 
fails  both  the  manual  triboelectric  testing  and  the  method  4046 
using  the  0%  criterion.  Likewise,  manual  triboelectric  data  for 
Wrightlon  7000  fails  both  the  10%  and  0%  criteria  as  it  did  for 
the  Method  4046.  See  notes  at  the  bottom  of  Table  2. 

Table  3 is  a summary  of  the  robotic  triboelectric  testing  for 
the  ten  materials.  It  reveals  that  Velostat,  RCAS  1200, 
Llumalloy,  and  Herculite  80  passed  KSC  acceptabi 1 i ty  criterion 
of  decaying  below  350  volts  in  5 seconds,  while  RCAS  2400, 
Wrightlon  7000,  PVC,  Aclar  22A,  Mylar,  and  Polyethylene  failed 
the  test.  The  pass/fail  results  of  the  robotic  triboelectric 
testing  (Table  3)  agree  with  both  the  method  4046  results  (Table 
1)  and  the  manual  tri boel ectri c testing  results  (Table  2 using 
the  10%  and  0%  criteria). 

A comparison  between  Table  3 and  Table  2 shows  that  for  each 
material  the  peak  voltage  generated  by  the  robotic  triboelectric 
device  is  higher  than  the  peak  voltage  generated  by  the  manual 
triboelectric  device.  The  average  peak  voltage  is  10304 
volts  for  the  robotic  triboelectric  device  and  5587  volts  fdr 
the  manual  triboelectric  device.  Likewise,  the  5-second  voltage 
for  the  robotic  device  is  higher  than  for  the  manual  devicb  in 
every  case,  except  where  both  decayed  to  0 volts.  The  average 
5-second  voltage  is  5792  volts  for  the  robotic  device  and  3059 
for  the  manual  device.  The  ratio  of  the  5-second  voltage  to  the 
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peak  voltaye  for  the  robotic  device  is  0.56  and  for  the  manual 
device  is  0.55  revealing  that  the  values  are  very  close.  One 
would  expect  this  since  the  decay  curves  are  similar.  The 
reason  the  robotic  t ri boe 1 ect ri c device  generates  higher  peak 
voltages  than  the  manual  triboelectric  device  is  because  the 
teflon  rubbing  wheel  impacts  the  sample  materials  with  a high 
force  in  the  robotic  testing  while  the  teflon  rubbing  wheel  in 
the  manual  system  is  gently  brought  forward  by  the  operator  to 
make  contact  with  the  sample  materials. 

Table  4 is  a summary  of  the  resistivity  for  the  ten  materials. 
Using  the  classifications  found  in  NASA's  "Electrostatic 
Discharge  Control  Information  Manual,"  (Document  D-TM-82-1), 
Velostat  is  classified  as  a conductive  material;  RCAS  1200, 
Llumalloy,  Herculite  80,  RCAS  2400,  and  Wrightlon  7000  are 
classified  as  antistatic  materials;  PVC,  Aclar  22A,  Mylar,  and 
Polyethylene  are  classified  as  insulative  materials.  Table  4 
reveals  that  any  material  having  a resistivity  of  greater  than 
10l2  ohms  per  square  fails  the  4046  method  and  any  material 
having  a resistivity  of  greater  than  lO^^  ohms  per  square  fails 
the  manual  tri boel ectri c testing.  As  depicted  in  Graph  1 (Decay 
Time  Versus  Resistivity  for  the  Method  4046),  Graph  2 (Decay 
Time  Versus  Resistivity  for  the  Manual  Triboelectric  Testing 
Device),  and  Graph  3 (Decay  Time  Versus  Resistivity  for  the 
Robotic  Triboelectric  Testing  Device),  there  appears  to  be  a 
relationship  between  decay  rate  and  resistivity  for  the 
materials  in  this  study,  i.e.,  the  higher  the  resistivity  of  the 
material,  the  slower  the  decay  rate.  However,  Graph  4 (Peak 
Voltage  Versus  Resistivity  for  the  Manual  Tri boel ec trie  Device) 
reveals  that  for  this  study,  resistivity  is  not  related  to  peak 
voltage,  i.e.,  those  materials  that  generate  high  electrostatic 
tri bo-charges  are  not  necessarily  those  materials  that  have  high 
resistivities.  Graph  5 (Peak  Voltage  Versus  Resistivity  for  the 
Robotic  Triboelectric  Device)  depicts  the  same  information  as 
Graph  4. 

A comparison  of  the  variances  of  the  data  collected  by  the 
method  4046,  the  manual  triboelectric  testing,  the  robotic 
triboelectric  testing,  and  the  resistivity  measurement  adapter 
is  revealed  in  Tables  1,  2,  3,  and  4 by  the  ratio  of  the 
standard  deviation  to  the  mean,^/1?.  The  variance  is  least  for 
the  Method  4046  (0.17  for  both  10%  and  0%  criteria),  while  the 
variance  for  the  resistivity  measurements  is  the  greatest 
(0.57).  Variances  for  the  manual  triboelectric  testing  is  0.29 
for  peak  voltages  and  0.38  for  the  five-second  voltages. 

Variance  for  the  robotic  triboelectric  testing  is  0.25  for  the 
peak  voltages  and  0.40  for  the  five-second  voltages. 
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7 . CONCLUSIONS 

The  pass/fail  results  for  the  Method  4046,  the  manual 
t ri boel ect r i c testiny,  and  the  robotic  tri boel ectri c testing 
agree.  Sample  preparation  and  data  collection  is  much  faster 
for  the  Method  4046  than  for  the  t ri boel ect ri c testing  devices. 
The  variance  is  smaller  for  Method  4046  than  for  either 
tri boel ectri c testing  or  the  resistivity  measurements.  Also,  it 
is  possible  via  the  oscilloscope  to  record  applied  charge 
build-up  rates  (remember  it  is  an  applied  potential  like  one 
found  on  a capacitor  plate,  not  a tri boel ectri c charge)  as  well 
as  charge  decay  rates  with  the  Method  4046.  A major 
disadvantage  is  that  certain  ijisulative  materials,  e.g.,  high 
resistivity  materials  like  Mylar,  Aclar,  and  Polyethylene,  are 
unable  to  generate  a charge  using  this  technique  (or  at  best 
takes  a very  long  time). 

The  t r i boe 1 ect r i c test  methods  are  important  and  recommended 
because  they  can  identify  a material  which  possesses  a high 
electrostatic  charging  tendency.  Even  though  this  material 
might  have  passed  both  the  4046  method  (both  the  10%  and  0% 
criteria)  and  the  t ri boel ect ri c tests  (voltage  drops  to  less 
than  350  volts  in  5 seconds),  it  may  still  be  considered  a 
hazardous  material  from  an  electrostatic  discharge  veiwpoint. 

An  example  of  this  is  Herculite  80.  Even  though  Herculite  80 
passed  both  the  4046  method  and  the  t ri boel ectri c tests,  it 
might  be  hazardous  under  certain  conditions  because  of  its. 
tribo-charge  generating  potential.  It  developed  3193  volts  by 
the  manual  tri boel ectri c testing  device  and  7820  volts  by  the 
robotic  tri boel ectri c testing  device.  By  placing  a 
t r i bo-c  hd  rged  Herculite  80  sdniple  close  to  d conductor,  it  could 
induce  an  opposite  charge  on  the  conductor,  which  in  turn  could 
discharge  via  a spark,  causing  an  explosive  or  hazardous 
situation.  In  other  words,  a major  advantage  tri boe1 ectri c 
tests  have  over  the  4046  method  is  that  they  evaluate  two 
distinct  electrostatic  properties  of  a material:  (1)  The 

material's  capability  to  develop  a turbo-charge,  which  is  shown 
by  the  peak  tri boel ectri c voltage  generated  and  (2)  the 
material's  ability  to  discharge  the  surface  electrical  charge  to 
a ground,  which  is  depicted  by  a decay  curve.  The  4046  method 
can  evaluate  only  (2)  above;  it  cannot  evaluate  (1),  the 
material's  ability  to  generate  a tribo-charge.  The  resistivity 
measurements  evaluates  neither  (1)  or  (2)  above. 

Tri boel ectri c testing  by  the  robotic  device  is  advantageous 
because  of  its  robotic  nature,  i.e.,  when  operating  correctly, 
it  allows  rapid  testing  and  recording  of  data  on  a continuous 
basis  without  close  supervision. 

As  discussed  in  the  analysis  section  of  this  paper , there 
appears  to  be  a relationship  between  surface  resistivity  and 
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decay  rate  for  those  materials  tested,  i.e.,  materials  with  high 
surface  resistivity  have  long  decay  rates  and  materials  with  low 
surface  resistivity  have  short  decay  rates.  On  the  other  hand, 
there  appears  to  be  little  or  no  relationship  between  surface 
resistivity  and  electrostatic  charging  tendency,  i.e.,  those 
materials  with  high  surface  resistivity  do  not  necessarily  have 
high  electrostatic  charging  tendency  and  those  material  with  low 
surface  resistivity  do  not  necessarily  have  low  electrostatic 
charging  tendency. 

Sample  preparation  and  data  collection  are  fast  for  the  surface 
resistivity  measurements.  The  results  for  Llumalloy  were 
rejected  because  when  the  test  is  applied  to  non-homogeneous 
materials  with  different  resistivity  layers,  a field  suppression 
effect  can  cause  ambiguous  measurements. 

8.  RECOMMENDATIONS 

The  following  non-priority  recommendations  are  made: 

a.  Establish  better  calibration  methods  for  the 

t ri boel ectri c testing  devices  and  the  resistivity 
measurement  adapter. 

b.  Investigate  the  sample  grounding  systems  for  the 
robotic  and  the  manual  triboelectric  devices  to 
establish  if  equivalent  grounding  systems  for  the  two 
devices  are  desirable.  At  present  the  sample  of  the 
robotic  device  is  grounded  by  a contact  point  while 
the  sample  of  the  manual  device  is  grounded  by  the 
total  holding  frame. 

c.  Establish  equivalent  peak  voltages  for  the  same 
samples  on  both  the  robotic  and  manual  triboel ectric 
devices  by  making  the  impact  force  between  the  rubbing 
wheel  and  the  sample  equivalent  for  the  two  devices. 

d.  Test  more  and  different  materials  with  all  four 
testing  devices  in  order  to  establish  a larger  data 
base;  thereby  correlating  and  gaining  confidence  that 
the  testing  devices  are  making  the  same  decisions  in 
regard  to  pass/fail  of  materials. 

e.  Continue  to  test  with  the  triboelectric  devices 
because  they  are  the  only  methods  that  have  the 
ability  to  reveal  the  tribo-charge  generating  capacity 
of  a material. 
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f.  Conduct  more  tests  with  all  four  devices  varying  the 
relative  humidity  but  keeping  the  temperature 
constant,  i.e.,  are  peak  voltage,  decay  rate,  and 
resistivity  dependent  on  humidity? 

g.  Conduct  more  tests  with  all  four  devices  varying  the 
temperature  but  keeping  the  relative  humidity 
constant,  i.e.,  are  peak  voltage,  decay  rate,  and 
resistivity  dependent  on  temperature? 

h.  Continue  to  test  materials  via  the  resistivity 
measurement  adapter  in  order  to  discover  (a)  those 
unique  materials  which  have  high  surface  resistivity 
but  no  or  only  insignificant  charging  tendency  or  (b) 
those  rare  materials  which  have  low  surface 
resistivity  but  possess  a high  charging  tendency. 

This  testing  can  be  accomplished  by  using  the 
resistivity  measurement  adapter  in  conjunction  with 
the  tri boel ectri c testing  devices. 

i.  Modify  testing  devices  where  necessary  and  design 
experiments  which  will  decrease  the  variances  in  the 
data,  i.e.,  decrease  the  standard  deviations,  thereby 
ensuring  the  reproducibility  of  results. 

j.  Test  more  samples  by  each  test  method  in  order  to 
increase  the  data  base  and  establish  the  reliability 
of  the  test  method  and  the  validity  of  the  data,  i.e., 
show  that  each  test  method  passes  the  same  materials 
and  fails  the  same  materials  with  the  same  degree  of 
reliability  and  validity. 


9.  GLOSSARY 

9.1  CONDUCTIVE  MATERIAL 

Electrostatic  discharge  (ESD)  protective  material  having  a 
surface  resistivity  of  10^  ohms  per  square  maximum. 

9.2  STATIC  DISSIPATIVE  MATERIAL 

ESD  protective  material  having  a surface  resistivity  greater 
than  10^  but  not  greater  than  10^  ohms  per  square. 

9.3  ANTI-STATIC  MATERIAL 

ESD  protective  material  having  a surface  resistivity  greater 
than  10^  but  not  greater  than  10^'^  ohms  per  square. 
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9.4  INSULATIVE  MATERIAL 


Material  having  surface  resistivity  greater  than  10l4  ohms  per 
square. 

9.b  NON-ANTISTATIC  MATERIAL 

A non-antistatic  material  does  not  permit  electrons  to  flow 
across  the  surface.  However,  electrons  can  be  removed  or  added 
tri boel ectri cal ly  to  produce  a positive  or  negative  charge  on 
the  material.  When  this  occurs,  the  sample  is  said  to  have  an 
initial  charge.  As  soon  as  the  sample  is  placed  in  the  test 
electrodes,  this  initial  charge  is  detected  by  the  Electrostatic 
Voltmeter  which  is  connected  to  the  static  decay  meter.  Model 
406C.  If  the  entire  sample  is  non-antistatic,  then  when  i 5KV 
is  applied  the  sample  will  not  conduct  on  a charge  and  when  the 
sample  is  grounded  (depress  TEST  button)  the  sample  will  not 
bleed  off  the  charge.  When  the  5KV  is  applied,  the  SAMPLE 
CHARGE  Meter  will  read  the  algebraic  sum  of  the  initial  sample 
charge  and  the  free  air  value  (1,50U  volts). 

9.6  PORTIONAL  NON- ANT  I STAT I C 

If  only  a portion  of  the  sample  is  non-antistatic,  then  the 
SAMPLE  CHARGE  Meter  of  the  static  decay  meter.  Model  406C,  will 
read  an  initial  charge  (not  a calibrated  value,  however,  because 
the  ''dead'*  spot  occupies  only  a portion  of  the  field  in  view  of 
the  electrostatic  Voltmeter  sensor).  When  the  5KV  is  applied, 
the  SAMPLE  CHARGE  Meter  will  read  the  algebraic  sum  of  the 
initial  charge  and  the  applied  5KV.  When  the  TEST  button  is 
depressed  the  sample  will  bleed  off  the  applied  charge  and  decay 
down  to  the  initial  charge.  The  initial  charge  has  the  ability 
to  move  or  migrate  into  a "dead"  spot  or  other  position  on  the 
sampl e. 

9.7  MARGINALLY  ANTISTATIC  MATERIAL 

Marginally  antistatic  materials  with  very  long  decay  times,  and 
therefore,  very  long  charging  times,  can  be  evaluated  with  the 
static  decay  meter  by  measuring  the  amount  of  charge  the  sample 
accepts  over  some  fixed  period  of  time.  The  accepted  charge  in 
this  case  is  the  charge  conducted  on  the  sample  after  the  5KV 
has  been  applied  (initial  charge  plus  free  air  value)  to  the 
value.  The  more  charge  accepted  within  the  established  time 
period,  the  better  the  antistatic  properties  of  the  material. 

9.8  DECAY  TIME 

The  time  for  a static  charge  to  be  reduced  to  a given  percent  of 
the  charge's  peak  voltage. 
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9.9  SURFACE  RESISTIVITY 

The  surface  resistivity  is  an  inverse  measure  of  the 
conductivity  of  a material  and  equal  to  the  ratio  of  the  . 
potential  gradient  to  the  current  per  unit  width  of  the  surface, 
where  the  potential  gradient  is  measured  in  the  direction  of 
current  flow  in  the  material.  (Note:  Surface  resistivity  of  a 

material  is  numerically  equal  to  the  surface  resistance  between 
two  electrodes  forming  opposite  sides  of  a square.  The  size  of 
the  square  is  immaterial.  Surface  resistivity  applies  to  both 
surface  and  volume  conductive  materials  and  has  the  value  of 
ohms  per  square)  . 

9.10  TRIBOELECTRIC  EFFECT 

The  generation  of  static  electricity  caused  by  rubbing  two 
substances  is  called  the  t ri boel ectri c effect.  In  addition  to 
actually  rubbing  two  different  substances,  substantial 
electrostatic  charges  can  also  be  generated  t ri boel ect r i ca 1 1 y 
when  two  pieces  of  the  same  material,  especially  common 
plastics,  in  intimate  contact  are  separated.  This  phenomenon 
occurs  when  separating  the  sides  of  a plastic  bag. 

9.11  FREE  AIR  MEASUREMENT 

When  using  the  static  decay  meter;  Model  406C,  the  free  air 
measurement  is  the  free  air  field  caused  by  the  charge  on  the 
electrodes  and  is  approximately  1500  volts.  That  is,  when  5,000 
volts  are  applied  to  the  electrodes  with  no  sample  in  place,  the 
electrostatic  voltmeter  will  read  1,500  volts. 
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ABSITtACT 


A supercritical  helium  pump  testing  system  for  a magnetic  refrigerator  has  been 
built  Details  of  the  supercritical  helium  pump,  the  test  system,  and  the  test 
instrumentation  are  given  in  this  report.  Actual  pump  tests  were  not  nm  during 
this  ASEE  term  because  of  delivery  problems  associated  with  the  required  pump 
flow  meter.  Consequently,  efforts  were  directed  on  preliminary  design  of  the 
magnetic  refrigeration  system  for  the  pump. 


The  first  concern  with  the  magnetic  refrigerator  preliminary  design  was 
determining  how  to  effectively  use  the  pump  in  the  inagnetic  refrigerator.  A 
method  to  incorporate  the  supercritical  helium  pump  into  a magnetic 
refrigerator  was  determined  by  using  a computer  model.  An  illustrated 
example  of  this  procedure  is  given  to  provide  a tool  for  sizing  the  magnetic 
refrigerator  system  as  a function  of  the  pump  size. 

The  function  of  the  computer  model  and  its  operation  are  also  outlined  and 
discussed. 
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1  INTRODUCTION 


Kennedy  Space  Center  is  in  the  process  of  developing  a highly  efficient 
cryogenic  refrigerator  to  be  used  to  reliquify  the  liqid  hydrogen  boil-off.  At  the 
present,  the  boil-off  hydrogen  is  vented  and  the  replacement  cost  is  very  high.  If 
the  boil-off  hydrogen  can  be  sucessfully  reliquified,  the  savings  would  be 
substantial.  In  addition,  there  is  a possibility  that  this  refrigerator  can  be  used 
for  air  conditioning. 

The  common  practice  for  liquefaction  of  gases  is  accomplished  by  refrigeration 
method  in  which  gases  such  as  hydrogen  gas  is  compressed  in  one  part  of  the 
refrigeration  cycle  with  heat  rejected  from  the  gas,  then  expanded  in  another 
part  of  the  cycle  to  cool  and  liquefy  a portion  of  the  gas.  The  major 
disadvantages  of  the  refrigeration  method  are:  (a)  low  efficiency,  (b)  large  size 
and  (c)  large  mass.  In  order  to  overcome  these  disadvantages,  a system  that 
offers  higher  efficiency,  small  size  and  lower  mass  is  needed.  The  development 
of  a magnetic  refrigeration  cycle  may  offer  these  advantages. 

2 PURPOSE 

The  purpose  of  this  project  was  to  develop  a high  efficiency  magnetic 
refrigerator  by: 

(a)  Setup  a supercritical  helium  pump  testing  system  to  determine 
the  performance  of  the  pump, 

(b)  Determining  a best  method  to  incorporate  the  pump  into  a 
magnetic  refirgeration  system  by  using  a computer  simulation 
model. 

3 PUMP  TESTING  PROGRAM 

3.1  TEST  SYSTEM.  The  testing  system  was  setup  by  the  Boeing  Aerospace 
Operation.  It  consists  of  a supercritical  helium  pump,  a supply  tank,  inlet  and 
outlet  pressure  transducers,  inlet  and  outlet  temperature  sensors,  a flow  meter,  a 
heat  exchanger,  a pump  speed  control  device,  and  associated  required  plumbing. 
A schematic  diagram  and  a photograph  of  the  facility  are  shown  in  Fig.  3.1  and 
Fig.  3.2  respectively.  For  cost  reduction,  the  pump  was  determined  to  be  tested 
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Figure  3.1.  Schematic  of  Pump  Test  System 
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with  carbon  dioxide  instead  of  supercritical  helium. 

3.1.1  The  Supercritical  Helium  Pump.  A cross-section  and  a photograph  of  the 
pump  are  shown  in  Fig.  3.3  and  Fig.  3.4.  The  pump  was  manufactured  by 
Barber-Nichols  Engineering  Company  of  Arvada,  Colorado  (Model  BNHeP-04- 
001).  The  pump  is  a partial  emission  centrifugal  pump  running  at  1 2,500“  rpm. 
The  specific  speed  of  33  allows  the  device  to  operate  at  61%  efficiency  at  the 
design  inlet  condition  of  20K,  five  atmospheres  pressure  and  4800  cc/sec.  flow 
rate.  The  inlet  power  to  the  pump  is  0.24  Kw  at  the  design  differential  head  of 
0.35  atmospheres.  This  pump  is  designed  to  minimize  heat  leak  to  ambient  and 
to  the  pumped  fluid  allowing  the  motor  to  be  placed  outside  the  refrigerator  with 
a long  304  stainless  steel  support  tube  and  drive  shaft  to  separate  the  pump  from 
ambient  conditions  to  lower  conduction  and  convection  losses.  TTie  shaft  is 
evacuated  and  electron-beam  seal  welded  to  eliminate  internal  convective  losses. 
The  motor  drive  is  a high  efficiency,  two-pole,  3 phase,  208  V induction  motor 
designed  to  operate  at  220  Hz  frequency.  The  motor  is  driven  by  a modified 
commercial  frequency  inverter  to  take  single-phase,  220  V,  60  Hz  input  and  give 
variable  speed  up  to  and  beyond  220  Hz  (12,500  rpm).  The  motor  end  of  the 
drive  shaft  is  supported  on  a rotating  disc-type  coupling  to  allow  for  slight 
angular  movement  of  the  pump  shaft  during  cool-down  without  increasing 
bearing  loads. 

3.1.2  Instrumentation.  The  instrument  used  in  this  system  are  listed  as  follows: 

Inlet  temperature  sensor 

Scientific  Instruments  Inc. 

Model  #X49WT-04-04 
S.N.  876W 

Range  -I-50F  to +122F 
Outiet  temperature  sensor 

Scientific  Instmments  Inc. 

Model  #X49WT-04-04 
S.N.  875W 

Range  +50Fto+122F 
Inlet  pressure  transducer 
Teledyne  Taher 
Model  2403 
S.N. 844340 
Range  0 to  150  psig 
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Outlet  pressure  transducer 
Teledyne  Taher 
Model  2403 

S. N. 834241 
Range  Oto  ISOpsig 

Flow  meter 

Wallace  and  Tieman 
Straight-through  Varea  Meter 
P.N.  TEF5223AT7012XABC40VTX 
Presssure:  75  psig 

Temperature:  50  - 90F 
Flow:  15  to  60  SCFM 

Accuracy:  +/-  2%  of  full  scale 

Heat  exchanger 
Foam  Heater 
Young  Radiator  Co. 

Part  #262140 
Motor  speed  control 

T. B.  Woods  Sons  Co. 

E-TrAC 

AC  Inverter 

3.1.3  Test  Procedures.  Has  been  documented  by  the  author  in  the  1987 
NASA/ASEE  Summer  Fellowship  final  report,  (see  reference  1) 

3.1.4  Test  Results.  The  pump  will  be  tested  by  the  Boeing  Aerospace  Operation 
Contractor.  Due  to  the  absence  of  flow  meter  (ordered  but  not  delivered  at  the 
time  of  this  writing)  test  can  not  be  performed. 

4 THE  MAGNETIC  REFRIGERATOR 

4.1  FUNDAMENTAL  CONCEPTS.  The  magnetic  refrigerator  uses  a 
paramagnetic  material  as  the  refrigerant.  Its  operation  is  based  on  the  natural 
phenomenon  that  paramagnetic  materials  become  warmer  when  they  are 
subjected  to  a magnetic  field  and  cooler  when  the  magnetic  field  is  removed.  A 
schematic  of  a recuperative  magnetic  refrigerator  (possible  KSC  model)  is 
shown  in  Fig.  4.1.  It  is  a rotational  device  where  the  rim  of  wheel  is  composed 
of  magnetic  working  material  plates  (or  packed  bed  particles).  A fluid  (such  as 
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Magnetic  material 


Figure  4.1.  Magnetic  Wheel  Design 


supercritical  helium)  is  circulated  opposite  to  the  direction  of  rotation  of  the 
wheel.  Circulated  fluid  is  cooled  by  the  demagnetizing  material  on  the  bottom 
side  and  is  warmed  by  the  magnetizing  material  on  the  top  side.  The  operations 

are  as  follows:  ^ , . 

(a)  The  magnetic  material  is  adiabatically  magnetized  as  it  rotates  mtb  the 

high  magnetic  field  region,  heating  from  Th  to  T Th.  ^ . 

(b)  As  it  rotates  through  the  high  magnetic  field  region  die  counter  fl6\viflg 
fluid  copls  the  magnetic  material  to  temperature 

Tc+  'i’c.  • 

(c)  The  material  is  separated  from  the  fluid  just  before  dqlabatic 
demagnetization  cools  the  magnetic  material  to  Tc  before  the  counter 
flowing  fluid  warms  the  rotating  magnetic  material  back  to  Th  to 
complete  the  cycle. 

The  fluid  at  the  hot  side  of  the  wheel  is  cold  in  the  heat  exchanger  (Heat  sink) 
from  Th  + Th  to  Th;  the  corresponding  fluid  in  the  cold  heat  exchanger 
(Refrigerator  load)  is  heated  from  Tc  to  Tc  + Tc. 

In  order  to  make  the  refrigerator  efficient,  a High  efficiency  pump  is  required  to 
circulate  the  fluid  (such  as  helium  gas)  through  the  cycle.  In  the  actual  device, 
the  pump  should  be  placed  at  the  location  with  highest  possible  temperature. 

4.2  THE  DESIGN  OF  MAGNETIC  REFRIGERATOR.  The  design  of  the 
magnetic  refrigerator  configurations  are  basically  done  by  iterations  of  a 
computer  simulation  model. 

4.2.1  The  Computer  Simulation  Model.  The  computer  model  was  developed  by 
EG  & G Idaho  National  Engineering  Laboratory.  It  is  a model  with  capacities  to 
run  different  types  of  refrigerator  with  different  magnetic  materials. 

4.2. 1.1  Program  Features  of  the  Computer  Simulation  Model. 

Structured  programming 

Forty  separate  subroutines  for  the  follow  functions: 
o Refrigerant  entropy  calculatibn  and  table  building 
o Refrigerant  ehtrOpy  from  table 
o Recuperator  fluid  ddta 
o Heat  traii^l^f  cdH-eldHbns 
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0 Pressure  drop  correlations 
o Adiabatic  temperature  rise 
0 Data  input  and  output 
o Plotting 
o Iteration  control 

4.2. 1.2  Use  of  the  Computer  Simulation  Model.  This  model  is  an  interactive 
computer  program  to  simulate  the  performance  of  a rotor  recuperative 
magnetic  refrigerator.  The  computer  prompts  for  data  to  define  the 
refrigerator  configuration.  After  all  data  values  are  entered  (data  values  and 
their  significance  and  data  entry  sheet  are  shown  in  Table  4.1,  and  Fig.  4.2),  the 
program  prompts  for  the  name  of  file  containing  entropy  data.  This  file 
contains  entropy  data  for  various  working  materials  (see  Table  4.2)  and  MAPS 
of  magnetic  field  profiles  to  allow  simulation  of  refrigerator  with  any 
circumferential  field  variation.  The  program  also  prompts  for  the  name  of  a 
file  containing  recuperator  fluid  data.  The  current  file  contains  data  for  several 
recuperator  fluids  (see  Table  4.3).  The  program  will  print  out  a sununary  of 
refrigerator  performance,  and  the  computer  will  prompt  for  the  name  of  a file 
to  write  a detailed  report  of  refrigerator  configuration  and  performance.  The 
computer  will  then  ask  for  increment  rotation  time.  This  is  useful  for 
comparing  one  refrigerator  to  another  since  each  may  have  optimum 
performance  at  different  speeds.  If  rotation  time  increment  are  given,  a plot  file 
will  be  created  and  an  efficiency  versus  power  density  will  be  plotted  (see  Fig. 
4.3).  After  runs  for  speeds  entered  are  completed  other  variables  can  be 
changed  until  desirable  configurations  of  the  magnetic  refrigerator  found  by 
computer  iterations. 

4.2. 1.3  Computer  Model  Iteration  Method.  See  Chart  4.1. 

4.2. 1.4  Computer  Output  and  Design  of  Magnetic  Refrigerator.  An  example 
illustrates  the  procedures  of  determining  the  size  of  refrigerator  by  using  the 
computer  model. 

Example:  To  find  the  desirable  size  of  the  magnetic  material  plate  by  selected 
data  input. 
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Table  4.1.  Data  Values  and  Definitions 
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Figure  4.2.  Data  Input  Sheet 


GDNZ  Gadoliniua  nickel 

GDNI40  Gadolinium  nickel  with  artificial  Curie  point  of  40  K 

GDNIMZX  GadollnliUB  nickel  with  difference  Curie  points  (17  and  77  K) 
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Table  4.2.  Working  Material  Namw  in  Computer  Files 
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Table  4.3.  Recuperator  Ruids 
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CHART  4. 1 CALCULATION  AL  METHOD 

GUESS  HEAT  CAPAOTY  RATIO  (HCR)  - FLUID  TO  REFRIGERANT 

INITIAL  TEMPERATURE  STACKUP 

ENERGY  BALANCE 
HEAT  TRANSFER  RATES 
MODIFY  TEMPERATURES  AS  REQUIRED 
1 1 

DETERMINE  EFFICIENCY  AND  POWER  DENSITY 

HBINACa  SEARCH;  NEW  HCR  TO  APPROACH  MAXIMUM 
EFFICIENCY. 


PRINT  RESULTS 
RUN  NEXT  SPEED 
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Rotor  Height  = 0.051  M 


louj«o  % 'Xau8|0|D3 
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Procedures: 


(a)  Input  selected  data  into  the  data  sheet. 

Major  data  selected  for  this  example  are  listed  below; 

Core  material  - Gadolinium  Nickel 
Recuperator  fluid  - Helium  at  1 atm. 

Core  type  - Plate 

High  temperature  - 77K 

Low  temperature  - 65K 

Rotor  height  - 0.051  m 

Rotor  inside  diameter  - 0.1492  m 

Rotor  outside  diameter  - 0.1638  m 

Plate  thickness  - 0.625E-4  m 

(b)  Run  computer  with  different  rotor  plate  thicknesses. 

(c)  Plot  efficiency  (%  of  Carnot  cycle)  versus  plate  thickness 

and  search  for  a thickness  with  highest  refrigerator  efficiency. 

(see  Fig.  4.4) 

(d)  Compare  the  recuperator  flow  rate  at  this  thickness  with  the 
flow  rate  of  helium  pump  at  highest  pump  efficiency. 

(e)  If  the  recuperator  flow  rate  of  the  magnetic  refrigerator  and 
the  helium  pump  flow  rate  are  comparable,  then,  the  plate 
thickness  is  proper  for  the  helium  pump. 

Computer  Output: 

Major  outputs  are: 

COP  with  cryocooler  - 3.95,  Efficient  (%  Carnot)  - 61 .55 
COP  w/o  cryocooler  -4.19,  Efficient  (%  Carnot)  - 65.24 
Recuperator  flow  rare  - 0.0147628  kg/s 

Design  dicisions:  The  plate  thickness  versus  efficiency  curve  indicates  that  at 
plate  theckness  equals  to  0.000625  m the  refrigerator  has  the  highest  efficiency 
and  the  flow  rate  is  0.0147628  kg/s.  If  this  flow  rate  is  within  the  range  of 
helium  pump  flow  rate  at  highest  efficiency  then,  the  plate  thickness  is  proper 
size  for  the  helium  pump. 
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Complete  computer  print  out  (including  Entropy  table,  input  data,  and  output 
results  etc.)  are  shown  in  the  Appendix  section. 

5 CONCLUSION 

The  supercritical  helium  pump  performance  information  and  test  results 
and  a revised  pump  testing  procedure  will  be  provided  by  the  Boeing  Aerospace 
Operation  Contractor  in  the  future. 

The  computer  model  of  magnetic  refrigerator  is  a powerful  system  which 
has  been  demonstrated  to  sucessfully  function  in  a design  and  analysis  role. 
Findings  from  which  would  suggest  the  following  conclusions: 

(a)  The  magnetic  refrigerator  only  operate  with  a low  temperature 
difference.  Because  of  this  fact  that  heat  transfer  should  be  an  important  design 
concern. 

(b)  The  magnetic  refrigerator  can  not  operate  with  packed  bed  particles, 
simply  because  poor  recuperative  heat  transfer.  Research  to  develop  improved 
recuperative  heat  transfer  techniques  is  needed. 

(c)  Intimate  thermal  contact  between  the  magnetic  material  and  the  heat 

transfer  liquid  is  necessary. 

(d)  It  is  desirable  to  make  the  exposed  area  of  the  magnetic  material  as  large 
as  possible. 
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APPENDIX 


Complete  Computer  Output  Sheet 
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EOTBCCY  TftBI£:  T.  SL,  SH,  STNIL,  SIOTH,  FL,FH  

45  00  98.7412  84.9555  .OOOOE+00  .OOOOE+00  .00  9.00 

104.4245  89.9346  .2595E+03  .2273E+03  .00  9.00 

U0.1870  94.9692  .5301E+03  .4637E+03  .00  9.00 

115.9982  100.0271  .8106E+03  .7079E+03  .00  9.00 

121.8594  105.1074  .llOlE+04  .9597E+03  .00  9.00 

127.7748  110.2123  .1402E+04  .1219E+04  .00  9.00 

133.7263  115.3217  .1713E+04  .1486E+04  .00  9.00 

139.7196  120.4387  .2033E+04  .1760E+04  .00  9.00 

145.7467  125.5528  .2364E+04  .2040E+04  .00  9.00 

151.8031  130.6569  .2703E+04  .2326E+04  .00  9.00 

157.8892  135.7486  .3053E+04  .2619E+04  .00  9.00 

163.9983  140.8181  .3412E+04  .2916E+04  .00  9.00 

170.1299  145.8617  .3780E+04  .3219E+04  .00  9.00 

176.2791  150.8709  .4157E+04  .3526E+04  .00  9.00 

182.4464  155.8431  .4543E+04  .3838E+04  .00  9.00 

188.6267  160.7693  .4938E+04  .4153E+04  .00  9.00 

194.8188  165.6445  .5342E+04  .4471E+04  .00  9.00 

201.0253  170.4673  .5755E+04  .4792E+04  .00  9.00 

204.6784  175.2217  .6003E+04  .5115E+04  .00  9.00 

207.5998  179.9125  .6205E^O4  .5439E+04  .00  9.00 

210.5093  184.5317  .6410E+04  .576SE*04  .00  9.00 

213.4007  189.0695  .6618E+04  .6090E+04  .00  9.00 

216.2829  193.5312  .6828E+04  .6416E+04  .00  9.00 

219.1451  197.9028  .7041E+04  .6742EKW  .00  9.00 

221.9922  202.1867  .7257E+04  .7066E+04  .00  9.00 

224.8283  206.3850  .7475E+04  .7389E+04  .00  9.00 

227.6376  210.4809  .7695E+04  .7710E+04  .00  9.00 

230.4357  214.4895  .7918E+04  .8029E+04  .00  9.00 

233.2156  218.4040  .8143E+04  .8346EHM  .00  9.00 

235.9734  222.2214  .8370E+04  .8660E+04  .00  9.00 

238.7194  225.9540  . 859^+04  .8972E+04  .00  9.00 

241.4400  229.5903  .8830E+04  .9280E+04  .00  9.00 

244.1440  233.1421  .9063E+04  .9586E+04  .00  9.00 

246.8341  236.6152  .9298E+04  .9890E+04  .00  9.00 

249.4954  239.9984  . 9534E+04  .101«+05  . 00  9.00 

252.1445  243.3120  .9773E+04  .1049E+05  .00  9.00 

254.7729  246.5513  .lOOlE+05  .1078E+05  .00  9.00 

257.3788  249.7185  .1025E+05  .1108E+05  .00  9.00 

259.9726  252.8275  .1050E+05  .1137E+05  .00  9.00 

262.5389  255.8668  .1074E+05  .1166E+05  .00  9.00 


46.31 
47.  a 
48.92 
50.23 
51.53 
52.84 
54.15 
55.45 
56.76 
58.07 
59.37 
60.68 
61.98 
63.29 
64.60 
65.90 
67.21 
68.52 
69.82 
71.13 
72.44 
73.74 
75.05 
76.36 
77.66 
78.97 
80.28 
81.58 
82.89 
84.20 
85.50 
86.81 
88.12 
89.42 
90.73 
92.04 
93.34 
94.65 
95.95 
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PODtfPf  MAGNETIC  HEfiT  EOg;  FUN  # 1 8-  3-88 


16:38:  8 


DMA; 


CORE  MVTERIAL  GDNI 

SOURCE  TEt«  (K) 

65.00 

MULTIPLIERS: 

RECUPERATOR  MATERIAL  HELI0M1A3M 

DELIVERY  TEMPERATURE 

77.00 

DELTA  P 1.00 

FIEIU  bAP  NOEIELIXAP 

TEbC>  ASSUCIRY 

.5833 

H 1.00 

ENIRCPY  CALCULAnCN  ^C»NFIE1D 

HIGH  FIELD  (T) 

9.00 

OCM)  K 1.00 

CORE  TTPE 

PLATE 

LOH  FIELD  (T) 

.00 

ROTOR  CO  (M) 

.16380 

ROTATICM  (S) 

5.00 

rriERATICN 

ROTOR  ID 

.14920 

CYCLES/REyAOIUIIGN 

2 

CLOSURE 

CORE  HEIGHT 

.05100 

PUMP  EFFICmCY 

1.00 

ERRl 

.lD-05 

PLATE  IHLCKIESS  (^Q 

.6250D-04 

angl  FBAdlCNS 

ERR2 

.lD-05 

SPACING  (M) 

.1270D-03 

FIELD  RISE 

.10000 

Q«3 

.lD-05 

APPERTURE  (M) 

.62500-04 

RECUPERATIVE  HEAT 

.40000 

HEAT  EXCHANOR 

FIELD  CROP 

.10000 

HOT  APPROACH  5.00000 

RECUPERATIVE  COOL 

.40000 

COLD  APPROACH  5.00000 

MAGNET  CP  TERR 

77.00 

CHYOCOCLER  EFF 

.2000 

PESUiaS 

OOP  NITH  GBamXITER 

OOP  w/0  cpamxTTjR 
0CNxxn:iCN  in  fluid  (w) 

OCNDUCnCN  IN  OCBE  (W) 
HEAT  INPUT  FATE  (W) 
HEAT  OUIFUr  BAIE  (W) 
NQPK  INPUT  TCrEAL  (W) 
MVGtEIIC  WCPK  (W) 
FLCWWGBK  (W) 
DISK  NQPK  (W) 
CR»XXXX£R  WORK  (W) 


3.95  EtViCiaCY  (%  CABNOT)  61.55 

4.19  EFFICIENCY  (%  CAFMDT)  65.24 

.513D-02  EFFICIENCY  OOK)  II  EXT  HX  10.97 
.81UH00  POtCRIXNSrrY  (W/KQ)  603.43 

.2414DIU3  (W/M**2)  MAOGT  AREA  .4259D+06 

.3171DH)3  (W/M**3)  MnOET  VCKJUC  .3465D+07 

.8030D4-02  SOURCE  FUDD  TEFP  CHANGE  (K)  1.539 

.7576DH)2  LOAD  ElUID  TEFP  CHANGE  (K)  2.021 

.6136IH01  FUJID/OCBE  HEAT  CAP.  RATIO  .9943 
.1554D-08  CORE  tASS  RATE  (NG/SBC)  .105UH00 
.4540CH-01  CRYOOOOrER  HEAT  GAIN  (W)  .3135Df00 


CCFEIGURATICNAL  INFCPMATION: 
COPE  MASS  (HG) 
TOTAL  ROTOR  VOTLME  (M**3) 
fCTAL  \XXJUt£  (M**3) 
FREE  VCU1£  FRACUGN 
FREE  AREA  FRACTION 
TOTAL  SURFACE  AREA 


BECUPERATOR  FLUID: 

.525SW-00  leerrY  (mg/m**3) 

.1830D-03  VISCOSITY  (PA-S) 

.6037D-04  OONDUCrrVirY  (W/H-K) 

.670  SPECIFIC  HEAT  (J/HG-K) 

.670  REINCU3S  NUfiER  (HT  OORt) 

.193204-01  HnaVtfJLIC  DIAMETER  (M) 


.1036D4-02 

.6603D-05 

.4991D-01 

.5661D+04 

.219804-04 

.2497D-03 
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SDOE  PODirS:  1 3 4 5 7 8 

FLUID  TEM>  (K)  75.508  76.953  77.105  65.014  63.731  64.346 

CXBB  TO®  (K)  75.229  77.119  77.119  66.478  63.583  63.583 

omOV  (J/KG-K)  219.5376  204.6458  204.6458  167.7690  183.8224  183.8224 
FLUID-OCBE  DT(K)  .278603  .166625  .013797  1.464065  .148176  .763194 
FLUID  T 0A,B,C,D  76.986  77.000  63.864  65.000 


PICCESSES  BEIWEEH  STATE  PODirS,  FER  MM3CT  COIL: 


PBGICN  1-4 

PINCH  POmr  TQfERATUBE  (K) 

PINCH  DELIA  TE2«EBA1UBE  (K) 
heat  transfer  bate  (WATT)  .120708E-K)3 

OCBE  ENERGI  CHANS!  (J)  .301770E+02 

FLUID  E2GBGI  CHANGE  (J)  .301822E^2 

DISK  WOBK  INTO  SISTH4  (J)  -.517819E-02 

HEAT  EAL:  ETJUID-OOFE+DISK  .103564E-01 

angl  (DEGREES)  18.000000 

PRESSURE  IHCP  (PA)  .844222E-K)3 

FLUID  FI£W  RATE  (NG/S)  .147628E-01 

H-T  OOEEFIdENT  (W/K-M»*2)  .196277E+04 

FLUID-OCBE  PEL  VEL.  (M/S)  .56136€E^1 

VEOXSDS  NU^£ERS  (CELIA  P)  2198. 


1-8  5-8  4-5 

75.2294  77.1193 

.278603E+00  .137969E-01 

.256497E+03  .107284E+03  .277801E+03 

.256497E+03  .268209E+02  .277801E+03 

.256477E+03  .268158E+02  .277822E+03 
.207128E-01  -.517819E-02  .207128E-01 

.107650E-12  -.103565E-O1  .112590E-04 

72.000000  18.000000  72.000000 

.844222E403  . 844222E^3  .844222E+03 
. 405900E-02  . 147628E-01  . 405900E-02 

.162838E+04  .196277E+04  .162838E+04 

.166883E-KXL  .561366E+01  .166883E-K)1 

654.  2198.  654. 
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ABSTRACT 


Hormonal  control  of  root  growth  has  been  explored  as  one  means 
to  alleviate  the  crowding  of  plant  root  systems  experienced  in 
prototype  hydroponic  biomass  production  chambers  being  developed 
by  the  CELSS  Breadboard  Project.  Four  plant  hormones,  or  their 
chemical  analogs,  which  have  been  reported  to  selectively 
inhibit  root  growth,  were  tested  by  adding  them  to  the  nutrient 
solutions  on  day  10  of  a 25  day  growth  test  using  spring  wheat 
in  hydroponic  cultures.  Growth  and  morphological  changes  in 
both  shoot  and  root  systems  were  evaluated.  In  no  case  was  it 
possible  to  inhibit  root  growth  without  a comparable  inhibition 
of  shoot  growth.  It  was  concluded  that  this  approach  is 
unlikely  to  prove  useful  for  wheat. 
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HORMONAL  REGULATION  OF  WHEAT  GROWTH  DURING 
HYDROPONIC  CULTURE 


1.  INTRODUCTION 

1.1  PURPOSE  OF  THE  PROJECT 

Prolonged  inhabitation  of  space  will  require  man  to  use 
photosynthetic  organisms  to  supplement  food  and  oxygen  needs 
(1) . Initial  studies  underway  in  NASA's  Controlled  Ecological 
Life  Support  System  (CELSS) , are  exploring  the  use  of  familiar 
crops  plants  which  will  be  grown  hydroponically  (2) . Crop 
plants  normally  develop  extensive  root  systems  which  mine  the 
soil  for  mineral  nutrients  and  water.  Although  nutrient  and 
water  supplies  are  no  longer  growth  limiting  factors  in 
hydroponic  cultures,  plants  continue  to  produce  large  root 
systems.  Producing  and  maintaining  such  large  root  systems  may 
use  as  much  as  a third  of  the  sugar  and  oxygen  produced  by  the 
photosynthetic  shoot  system.  The  crowded  mats  of  fiberous  roots 
produced  in  hydroponic  culture  may  create  environmental 
conditions  unhealthy  for  the  roots  themselves,  and  favorable 
for  the  growth  of  undersirable  microorganisms.  In  addition, 
fiberous  roots  are  generally  unacceptable  as  food  without 
extensive  food  processing.  For  all  of  these  reasons  we  are 
exploring  ways  to  reduce  the  size  of  the  root  system  in  relation 
to  the  shoot  system  without  reducing  the  rate  and  extent  of 
shoot  development. 


1 . 2 BACKGROUND  INFORMATION 

Relatively  little  is  known  about  the  way  shoot  and  root  growth 
are  coordinated  to  produce  a structurally  and  functionally 
balanced  plant.  It  is  believed  that  chemical  communication 
between  the  shoot  and  root  system  plays  a controlling  role  (3) . 
Plant  hormones  and  related  substances  are  known  to  be  powerful 
growth  regulators  and  to  be  transported  between  shoots  and 
roots.  For  example,  cytokinin  hormones  are  required  for  shoot 
growth  but  are  produced  mainly  in  roots.  Cytokinins  are  thought 
to  be  transported  from  root  to  shoot  passively  in  the 
transpiration  stream.  Cytokinins  are  also  powerful  inhibitors 
of  root  growth,  at  least  when  exogenous  supplied.  Thiamine  is 
essential  for  root  growth  yet  is  produced  exclusively  in 
photosynthate  shoot  tissue.  It  moves  to  the  root  in  the  phloem 
photosynthate  stream.  Auxins  strongly  inhibit  root  growth  at 
concentrations  which  are  stimulating  to  shoot  growth. 
Gibberellins  selectively  stimulate  stem  growth.  Abscisic  acid 
and  ethylene  are  powerful  growth  regulators.  Undoubtedly  the 
exchange  of  such  growth  regulators  as  these  help  coordinate  the 
orderly  development  of  shoot  and  root  systems.  Many  other 
inorganic  and  organic  molecules  and  ions  are  found  in  transport 
fluids  of  the  plant.  Apart  from  the  obvious  dependence  of  roots 
on  photosynthate  and  shoots  on  minerals  and  water  from  the  root 
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system  little  is  known  about  the  significance  of  the  other 
substances  in  maintaining  shoot-root  balance. 


1 . 3 EXPERIMENTAL  APPROACH 

In  the  absence  of  a full  understanding  of  the  interrelationships 
of  root  and  shoot,  we  have  taken  an  empirical  approach  to 
determine  whether  shoot  and  root  growth  can  be  manipulated 
independently  using  known  growth  regulating  hormones.  We  were 
encouraged  to  believe  that  some  manipulation  of  shoot-root  ratio 
is  possible  by  a number  of  reports  in  the  literature  which  show 
that  the  ratio  may  vary  in  response  to  changes  in  nutrition 
(4,5,6),  water  status  (7),  and  genetic  factors  (5,6).  The 
method  of  application  of  test  chemicals  was  largely  determined 
by  our  desire  to  selectively  manipulate  the  growth  of  the  root 
system,  and  the  fact  that  the  strongly  hydrophobic  cuticular 
layer  of  the  shoot  greatly  impedes  passage  of  water  soluble 
molecules  like  plant  hormones.  Presentation  of  these  chemicals 
directly  to  the  roots  circumvents  shoot  permeability  problems 
and  places  the  chemical  at  the  desired  site  of  action  without 
need  for  long  distance  transport.  For  these  reasons,  as  well  as 
our  desire  to  manipulate  hydroponically  grown  plants,  the 
hormonal  substances  were  dissolved  in  the  hydroponic  nutrient 
solution.  We  have  studied  the  effects  of  either  the  natural 
hormone  or  a synthetic  analog  from  each  of  four  known  classes 
plant  hormones;  auxins,  cytokinins,  gibberellins,  and  abscisic 
acid. 


2.  MATERIALS  AND  METHODS 


2.1  SEED  STERILIZATION  AND  GERMINATION 

Spring  wheat  (Triticum  vulgare  cv.  Yecora  Rojo) , obtained  from 
the  California  Crop  Improvement  Assoc.  Davis,  CA,  was  used  as 
the  test  plant.  Seeds  selected  for  uniformity  of  size  and  free 
from  visible  damage  were  surface-sterilized  by  immersion  in  50 
ml  of  a 1%  solution  of  sodium  hypochlorite  solution  containing  a 
drop  of  neutral  detergent  (Tween  80  Sigma  Chem. , Co.,  P-1754). 
After  15  minutes,  three  rinses  with  sterile  water  lasting  a 
total  of  5 minutes  removed  most  of  the  residual  sterilizing 
solution  and  seeds  were  allowed  to  germinate  for  24  hrs.  in 
darkness  at  27C  on  wet  sterile  filter  paper.  Seeds  showing 
seedling  emergence  at  24  hrs.  were  aseptically  transferred  to 
the  culture  apparatus. 


2.2  DESIGN  OF  THE  CULTURE  APPARATUS 

Half-liter  cylindrical  jars  (Fisher  Sci.  Co.  03-320-10E)  were 
modified  as  shown  in  Figure  1 to  provide  hydroponic  culture 
vessels  which  would  hold  germinating  seedlings  in  a moist 
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sterile  environment  suspended  over  400  ml  of  a sterile  nutrient 
solution.  After  3-4  days  in  darkness  seedling  roots  grew  into 
the  nutrient  solution  and  the  seedling  holder  cap  (not  shown  in 
Figure  1)  was  aseptically  replaced  with  a soft  plastic  foam 
plug.  Cultures  were  then  placed  in  a controlled  environment 

gro^h  chamber. 


2 . 3  ENVIRONMENTAL  PARAMETERS 

A modified  cabinet-style  plant  growth  chamber  (EGC  Chagrin 
Falls,  OH)  provided  regulation  of  light  and  temperature.  A 
photosynthetic  photon  fluence  rate  of  200  u mol  m-2sec-l  was 
provided  by  overhead  fluorescent  lamps  (110  watt  Vita-1 ite 
1500).  A 16  hour  photoperiod  alternated  with  8 hours  of 
darkness.  Temperature  was  held  at  24  1C  during  the  photoperiod 
and  20  1C  during  darkness. 

Carbon  dioxide  and  water  vapor  levels  were  continuously 
monitored  but  not  regulated.  The  mean  C02  concentration  was  390 
30  ppm  during  the  photoperiod.  The  relative  humidity  during  the 
photoperiod  was  75  10%.  Filtered  ambient  air  was  supplied  to 
the  root  system  through  a vertical  tvibe  (see  Fig.  1)  and  the 
j^ising  air  bubbles  served  to  stir  the  nutrient  solution  as  well 
as  aerate  it. 


2.4  THE  NUTRIENT  SOLUTION 

Germinated  seedlings  were  maintained  for  the  first  10  days  in 
400  ml.  of  half-strength  Hoagland's  solution,  a standard 
formulation  of  mineral  nutrients  known  to  be  essential  for  the 
growth  of  plants.  On  day  10  this  nutrient  solution  was  replaced 
with  400  ml.  of  full  strength  Hoagland's  solution  supplemented 
with  2.5  mM  MES  (2  [N-Morpholino]  ethane  sulfonic  acid)  pH 
buffer  and  adjusted  to  pH  5.8.  This  buffer  was  previously  tested 
for  hydroponic  culture  of  wheat  by  Bugbee  and  Salisbury  (8) . 
Nutrient  media  were  f ilter-sterlized  using  Gelman  mini-capsule 
filters  of  0.45  pm  porosity. 


2.5  MEASUREMENT  OF  EXPERIMENTAL  DATA 

Shoot  height,  leaf  number,  leaf  length,  and  tiller  number  and 
length  were  measured  with  a millimeter  scale  at  48  hour 
intervals  from  day  11  to  day  24.  Observations  of  shoot  and  root 
morphology  were  made  at  each  measurement  period.  On  day  25  the 
plant  was  removed  from  culture,  severed  at  the  shoot-root 
juncture  and  the  fresh  weights  of  the  parts  measured  with 
milligram  accuracy.  After  drying  the  parts  for  18  hours  at  85C, 
dry  weights  were  measured  with  the  same  accuracy. 

On  day  20  2 ml  samples  of  the  nutrient  solution  were  taken 

aseptically  from  each  culture  for  measurement  of  microbial 
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contamination  was  detected  and 
spreading  o.l  ml  of  each  sample  on  R2A  agar 
(Difco  Laboratories)  and  counting  the  number  and  kind  ^of 
visible  after  48  hours  incubation  at  27C,  Conductivity 
meter  solutions  was  measured  using  a Markson  103 


2.6  TEST  CHEMICALS* 


The  synthetic  auxin  analog  alpha  napthaleneacetic  acid  was  used 

"S”  Chemically  stable  than  the  natural  aSin 
hormone  indoleacetic  acid.  The  synthetic  cv<-oVini«  =..,,1  " 

cSoroethvT^^^h  reason.  The  compound  2- 

chloroethylphosphonic  acid  is  widely  used  to  produce  ethylene  in 

plant  tissues.  Hormones  and  related  chemicals  were  purchased 

identification  nuJSe?s  arfgJSen 
iN-037?  I description:  alpha  napthalene  acetic  a^iS 

#N  0375,  6-benzyladenine  #8-6750,  gibberellic  acid  A3  #G-37Sn 

tc-lut""  #a-1012,'  2®chloroeihylphoihonic  'ac?d 

3.  RESULTS 

3 . 1 ROOT  AND  SHOOT  GROWTH 

inhibited  root  and  shoot  growth  to  some 

2 ^ tiller  numbers  and  length  were  also  recorded  at  48 

£o:Ler?h^--e  - pteSSed^r^^ 


3.2  CHANGES  IN  ROOT  SYSTEM  MORPHOLOGY 


except  the  terminal  1 to  3 cm, 
translucent  hairs  which  reach 


are  covered  with  a 
a length  of  2 mm  in 


dense  layer  of 
the  larger 


CEPA=2-ohloroethylphLphonic  acid.  ABA-absorsio  acid; 

roots.  Root  extention  occurs  entirely  by  division  and 
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elongation  of  cells  in  this  tip  region.  During  normal  growth 
root  hair  development  begins  1-3  cm.  behind  the  root  tip 
leaving  the  elongation  region  smooth-surfaced. 

-9 

Benzyladenine,  even  at  1 x 10  M (data  not  shown)  caused 
complete  cessation  of  root  extension  within  24  hours.  Root  hair 
development  was  accelerated  and  hairs  2-3  times  normal  length 
appeared  throughout  the  normally  smooth  elongation  zone  to  the 
edge  of  the  root  tip.  Inhibition  of  root  extension  lasted 
throughout  the  25  day  test  period,  however,  slow  partial 
recovery  was  evident  in  the  last  several  days  and  at  the  lower 
concentrations  some  new  branch  roots  were  formed.  Most 
inhibited  root  apices,  including  the  zone  of  abnormal  root 
hairs,  formed  unusual  crooks  and  loops  which  remained  throughout 
the  test. 

Napthaleneacetic  acid  also  caused  abrupt  cessation  of  root 
extension  accompanied  by  some  exaggerated  root  hair  development 
and  tip  distortion.  However,  the  major  morphological  effect  was 
the  stimulation  of  large  numbers  of  latent  lateral  root 
primordia  throughout  the  root  system.  At  1 x 10-6M  these 
primordia  broadened  abnormally  and  were  inhibited  at 
approximately  1 mm  length.  At  1 x 10-7M  the  new  primordia 
developed  with  normal  branch  root  morphologzy  except  that 
elongation  did  not  exceed  1 cm  and  all  lateral  surfaces  except 
the  tips  become  covered  with  abnormally  long  root  hairs.  At  1 x 
10-7M  the  inhibitory  effect  was  weakened  enough  to  allow  a small 
amount  of  further  extension  of  all  root  tips  during  the  last 
several  days  of  the  test. 

Some  root  hair  overgrowth  and  inhibition  of  root  extension  was 
also  observed  with  abcisic  acid.  Gibberellic  acid  caused  no 
morphological  abnormalities. 


3.3  CHANGES  IN  THE  NUTRIENT  SOLUTION 

Hydroponic  culture  using  Hcagland-type  nutrient  solutions 
increase  in  pH  as  growth  proceeds.  During  the  25  day  growing 
period  of  these  experiments  pH  shifted  from  the  initial  set 
value  of  5.8  to  terminal  values  ranging  from  6.1  to  6.9  with 
treatments  sustaining  the  strongest  growth  reaching  the  latter 
value.  Terminal  values  were  well  within  the  normal  range  for 
healthy  plants. 

Electrical  conductivity  of  nutrient  solution  decreases  as  growth 
proceeds  and  nutrients  are  taken  into  the  plant.  Initial 
conductivity  of  full  strength  Hoagland's  solution  was  2.80  u 
Siemens  cm-1.  Terminal  values  ranged  from  2.3  to  2.7  and 
confirmed  that  nutrient  supplies  were  not  significantly 
depleted . 

In  spite  of  precautions,  a low  level  of  bacterial  contamination 
was  found  in  all  nutrient  solutions  by  the  end  of  the  growth 
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period.  Bacterial  counts  range  from  1-8  x icp  per  ml  and 
judging  from  colony  characteristics  were  usually  of  the  same 
species. 

4.  DISCUSSION 

4 . 1 ROOT  GROWTH 

Benzyladenine,  napthaleneacetic  acid,  and  abcisic  acid  all 
proved  to  be  strong  inhibitors  of  root  growth  in  these  tests. 
These  three  sxibstances  represent  fundamentally  very  different 
hormones,  however,  their  actions  here  show  surprising 
similarities. 

Although  the  details  differ,  all  inhibited  the  linear  growth  of 
the  root  apices  while  at  the  same  time  greatly  stimulating  the 
growth  of  root  hairs.  The  common  responses  suggest  a common 
mechanism  of  action.  It  is  known  that  cytokinins  and  auxins, 
among  their  many  actions,  promote  the  formation  of  ethylene  by 
stimulating  the  enzyme  ACC  synthase,  a rate  limiting  step  in 
ethylene  biosynthesis  in  plant  cells  (9) . Two  well  documented 
actions  of  ethylene  are  the  inhibition  of  stem  and  root  cell 
elongation  and  the  enhancement  of  root  hair  formation  from  the 
epidermis  (10).  It  is  reasonable  to  assume  that  benzyladenine 
and  napthaleneacetic  acid  have  acted  in  this  way. 
Choroethylphosphonic  acid,  a compound  which  is  converted  into 
ethylene  by  plant  cells,  is  currently  being  tested  in  this 
project  to  aid  in  confirming  this  idea.  Abscisic  acid-treated 
plants  showed  some  similarities  with  BA  and  NAA  treated  plants, 
however,  interpretation  is  complicated  by  its  inherent  growth 
inhibiting  action  and  may  or  not  involve  ethylene.  These  data 
do  not  support  a recent  published  report  of  stimulation  of  root 
growth  by  ABA  (7) . The  stimulation  of  lateral  root  primordia  by 
NAA  is  a characteristic  action  of  auxins  and  results  from 
stimulation  of  DNA  replication  and  cell  division  in  competent 
cells.  At  5 X 10-6M,  the  stimulation  was  so  strong  that  small 
disorganized  cell  masses  was  formed  rather  than  root  tips.  At  5 
X 10-7M  root  tips  emerged  from  each  primordium  but  were 
inhibited  from  elongating  to  form  normal  lateral  roots. 
Gibberellic  acid  caused  some  reduction  in  root  growth,  however, 
the  appearance  of  the  root  system  differed  little  from  the 
control.  The  action  of  gibberellins  in  roots  is  poorly 
understood,  however,  it  seems  fundamentally  different  from  that 
of  the  other  three  hormones. 


4 . 2 SHOOT  GROWTH 

Although  all  four  compounds  reduced  shoot  growth,  both  mass  and 
dimentional  growth,  there  were  no  overt  qualitative  differences 
among  the  treatments.  Pigmentation  and  morphology  were  normal. 
Differences  in  the  rate  of  leaf  and  tiller  formation  appear  to 
be  related  to  growth  rate  rather  than  organ-specific  effects  of 
any  hormone  treatment.  GA3  applied  to  roots  at  3 x 10-6M  has 
been  reported  to  stimulate  shoot  growth  in  Pelargonium (11) , an 
effect  not  observed  in  this  study  with  wheat. 
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4 . 3 SHOOT-ROOT  INTERACTION 


It  is  clear  from  these  experiments  that  there  is  a strong 
interdependence  between  shoot  and  root  growth  which  is  not 
significantly  disrupted  by  hormonal  treatments  which  reduce  roo 
growth.  In  all  treatments  in  which  root  growth  has  been 
inhibited,  shoot  growth  has  also  been  roughly  proportionately 
reduced.  This  result  is  particularly  surprising  in  the  case  of 
cytokinin  treatment  (benzyladenine) . Cytokinin  supply  is 
thought  to  be  a major  limiting  factor  for  shoot  growth  (3) . 
Rootless  shoots  can  be  grown  in  vitro,  but  only  if  cytokinins 
like  benzyladenine  are  supplied  in  the  culture  medium.  Our 
present  crude  understanding  of  shoot-root  interaction  would 
predict  that  root  growth  inhibition  by  any  means  might 
reduce  root  biosynthesis  of  cytokinins  and  in  this  way  reduce 
the  supply  to  the  shoot.  It  was  anticipated,  however,  that 
exogenously  supplied  BA  would  enter  the  root  and  be  transported 
to  the  shoots  compensating  for  a reduction  in  endogenous  hormone 
supply.  The  fact  that  this  did  not  appear  to  happen  may  mean 
that  the  synthetic  cytokinin  analog  is  not  transported  in  the 
same  way  as  the  endogenous  hormone.  Alternatively,  other  as  yet 
unidentified  root-synthesized  substances  required  by  shoots,  may 
be  involved. 


5.  SUMMARY  AND  CONCLUSIONS 


Experiments  were  conducted  to  test  the  ^ idea  that  shoot-root 
ratio  could  be  manipulated  by  supplying  growth  reflating 
hormones,  or  their  analogs,  directly  to  roots  during  hydroponic 
culture.  A wide  range  of  concentrations  of  benzyladenine, 
napthaleneacetic  acid,  gibberellic  acid  A3,  and  abcisic  acid 
were  tested  on  young  wheat  plants. 

Results  to  date  indicate  that  this  approach  is  not  effective. 
In  no  case  was  it  possible  to  inhibit  root  growth  without  ^ also 
inhibiting  shoot  growth.  It  is  clear  from  these  experiments 
that  the  coordination  of  shoot  and  root  growth  may  be  more 
complex  than  anticipated.  If  we  hope  to  manipulate  this 
relationship,  studies  of  a more  fundemental  nature  may  be 
required.  For  example,  present  technology  permits  the 

measurment  of  the  very  low  endogenous  concentrations  of 
known  hormones . Tracking  concentrations  of  these  horaones  in 

the  shoots  while  root  systems  are  progressively  inhibited  by 
non-toxic,  non-destructive  treatments  (eg.  lowered 
temperature)  may  enable  us  to  identify  a growth  limiting 
hormone.  It  is  also  possible  that  placing  exogenously  supplied 
hormones  directly  on  shoot  tissue  will  be  more  effective  than 
root  treatment.  Recently  Carmi  (12)  has  increased  shoot-root 
ratio  in  bean  plants  by  applying  BA  directly  to  primary  leaves. 
Shoot  growth  remained  unchanged  while  root  growth  was 
suppressed . 
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It  may  also  be  possible  to  use  nutritional  or  water  stress  to 
achieve  the  desired  objective,  however,  undesirable  side  effects 
may  limit  the  usefulness  of  this  approach.  In  the  long  run 
genetic  rather  than  physiological  manipulation  may  prove  the 
more  useful  approach.  Genetic  selection  has  long  been  an 
effective  way  to  match  plant  characteristics  to  specific 
environmental  conditions.  It  should  not  be  surprising  that  food 
plants  which  have  been  selected  for  centuries,  for  high 
performance  in  terrestrial  environments,  are  difficult  to  manage 
in  the  drastically  different  conditions  of  prototype  growth 
chambers  designed  for  use  in  space. 
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Figure  1.  Vertical  section  of  the  glass  hydroponic  culture  vessels  designed 
for  these  experiments.  Vessel  volume  is  500  ml.  Vessel  is  cylindrical 
with  a diameter  of  three  inches.  Key  to  diagram:  1 - aeration  tube, 

2 - foam  plug,  3 - glass  cylinder,  4 - foam  gasket,  5 - injection  port, 

6 --  foam  seed  holder,  7 - filter  paper  wick. 


Figure  2.  Representative  data  for  growth  in  height  of  wheat 
plants  treated  with  different  plant  growth  substances.  Arrow 
indicates  the  time  that  treatments  begin.  Key  to  symbols: 
a control;  a gibberellic  acid  A3,  3 x 10-6M;  + benzyladenine  4 
X 10-6M;  ^ napthaleneacetic  acid  5 x 10-6M;  x abscisic  acid  1 x 
10-5M 
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ABSTRACT 


Kennedy  Space  Center  has  the  need  for  economical  transmission  of 
two  multiplexed  video  signals  along  multimode  fiberoptic  systems. 
These  systems  must  span  unusual  distances  and  must  meet  RS-2bUB 
short-haul  standards  after  reception.  Bandwidth  is  a ma^or 
problem  and  studies  of  the  installed  fibers,  available  LEDs  and 
PINFETs  led  to  the  choice  of  100  MHz  as  the  upper  limit  for  the 
system  bandwidth. 

Optical  multiplexing  and  digital  transmission  were  deemed 
inappropriate.  Three  electrical  multiplexing  schemes  were  chosen 
for  further  study.  Each  of  the  multiplexing  schemes  included  a 
FM  stage  to  help  meet  the  stringent  S/N  specification. 

Both  FM  and  AM  frequency  division  multiplexing  methods  were 
investigated  theoretically  and  these  results  were  validated  with 
laboratory  tests.  The  novel  application  of  quadrature  amplitude 
multiplexing  was  also  considered. 

Frequency  division  multiplexing  of  two  wideband  FM  video  signal 
appears  the  most  promising  scheme  although  this  application 
requires  high  power  and  highly  linear  LED  transmitters. 

Further  studies  are  necessary  to  determine  if  LEDs  of  appropriate 
quality  exist  and  to  better  quantify  performance  of  QAM  in  this 
appl icat ion . 
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SECTION  I 


INTRODICTION 


1.1  FIBEROPTIC  COMMUNICATION 

Communication  along  optical  fibers  is  a development  that  has 
experienced  rapid  growth  worldwide  in  the  fifteen  years  since  its 
inception.  Kennedy  Space  Center  has  long  been  interested  in 
fiberoptic  technologies  and  has  chosen  optical  fibers  to  be  the 
medium  for  some  communication  applications.  According  to  some 
accounts,  Kennedy  Space  Center  has  more  installed  optical  fiber 
than  any  other  single  location  in  the  world.  The  reasons  for 
KSC's  interest  in  fiberoptics  closely  parallel  the  well-known 
advantages  of  fiberoptics:  small  size  and  light  weight,  very 

high  bandwidth,  growth  potential  and  corrosion  resistance. 

Some  of  the  applications  of  fiberoptic  communications  at  KSC  are 
unique  to  the  location.  Of  these,  the  application  of  this 
technology  to  the  transmission  of  very-high-quality  video  signals 
is  growing  and  presents  interesting  problems.  There  are  hundreds 
of  video  sources  at  the  Space  Center  and  the  users  of  the  various 
video  services  are  even  more  numerous.  These  sources  and  users 
form  a complex  and  dynamic  network  where  the  interconnect 
requirements  vary  constantly  to  support  various  Shuttle 
operations,  expendable  booster  operations,  the  various  payloads 
and  for  special  projects. 

1.2  VIDEO  TRANSMISSION 

Video  signals  are  highly  complex.  The  transmission  of  these 
signals  in  analog  form  places  stringent  requirements  on  the 
signal-to-noise , linearity  and  delay  characteristics  of  video 
communication  systems.  At  this  time,  digital  video  transmission 
requires  high  bandwidth  and  very  expensive  coders  and  decoders 
and  is  not  appropriate  for  space  center  applications. 

Some  of  the  operations  at  KSC  require  the  transport  and 
distribution  of  the  highest  quality  video  signals  obtainable. 

The  performance  standards  for  judging  the  quality  of  video 
communication  systems  are  given  in  EIA  Standard  RS-250B.  Within 
this  standard,  several  levels  of  transmission  quality  are 
defined.  The  most  stringent  level,  named  "short-haul",  is  most 
commonly  applied  to  the  video  signals  available  within  a 
television  studio.  It  is  the  goal  at  the  Space  Center  that  the 
video  signals  conveyed  along  optical  fiber  systems  meet  the 
studio-quality,  short-haul  standards  at  the  fiberoptic  receiver. 
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1.3  DISTANCES 


Due  to  its  size,  the  transmission  distances  involved  at  Kennedy 
Space  Center  are  unusual  when  compared  to  most  commercial 
applicatxons  of  fiberoptic  technology.  Commercial  fiberoptic 
system  designs  usually  assume  about  a 10-km  limit  on  the 
distances  spanned  by  low  cost  systems;  that  is,  systems  utilizing 
LED-based  transmitters,  multimode  optical  fibers  and  PINFET-based 
receivers.  On  the  other  hand,  distances  of  60-km  or  more  are 
available  using  the  more  expensive  technology:  laser 

transmitters,  singlemode  fiber  and  APD  receivers.  The  distances 
at  KSC  (for  example:  9.8— km  from  the  O&C  building  to  the  LCC, 

17-km  from  O&C  to  Pad  39B)  are  not  the  most  appropriate  distances 
for  either  of  these  wel 1 -developed  technologies. 

Even  with  the  large  amount  of  fiber  installed  or  planned  for  KSC, 
it  is  thought  that  in  the  future,  communications  needs  will 
necessitate  better  utilization  of  the  available  bandwidth  of  each 
of  the  fibers.  This  is  especially  true  of  the  multimode  fibers. 
Currently,  when  space  center  video  signals  are  transported  by 
fiber  it  is  on  a one-channel  per  multimode  fiber  basis,  leaving  a 
great  deal  of  fiber  bandwidth  unused.  For  this  reason  it  is 
desirable  to  develop  the  ability  to  transport  two  short-haul 
quality  video  channels  per  multimode  fiber. 

Although  commercial  fiberoptic  equipment  exists  for  the  transport 
of  several  video  signals  per  fiber  this  equipment  is  designed  for 
the  CATV  industry.  CATV  equipment  is  not  appropriate  for  KSC's 
needs  for  three  reasons.  First,  the  design  of  this  equipment 
maximizes  the  number  of  channels  transmitted  per  fiber  at  the 
expense  of  the  quality  of  the  signal.  Therefore,  although  this 
equipment  performs  acceptably  for  its  primary  use,  the  signal 
quality  at  the  receiver  usually  does  not  meet  the  short-haul 
standards  needed  by  the  Center.  Second,  this  equipment  is  based 
upon  the  laser  and  singlemode  fiber  technology  and  the  need  at 
the  Center  is  to  better  use  the  bandwidth  of  the  existing 
multimode  fibers.  And  third,  the  commercial  equipment  is  usually 
limited  to  the  transport  of  standard  NTSC  video  signals.  At  KSC 
the  desire  is  to  reserve  12-MHz  channel  width  (double  the  usual 
spacing)  in  order  to  have  the  ability  to  transport  high- 
resolution  CCTV  signals,  digital  data  and  also  to  facilitate 
to  h igh— def i n i t io n video  when  that  standard  becomes 
available . 

1.4  RESEARCH  GOAL  : 

The  purpose  of  this  research  project  was  to  study  possible 
designs  of  fiberoptic  transmitter  and  receiver  terminal  equipment 
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which  will  use  some  multiplexing  scheme  to  simultaneously 
transmit  two  video  signals  along  a fiberoptic  link  and  also 
satisfy  the  following: 

<1)  Use  the  50/125  multimode  fiber  like  that  installed  at 
Kennedy  Space  Center. 

(2)  Use  1300-nm  LED  transmitters. 

(3)  Ose  PINFET-based  receivers. 

(4)  Reserve  12-MHz  capability  for  each  video  channel. 

(5)  Meet  RS-250B  short-haul  specifications  at  the  receiver. 

At  the  end  of  this  project  it  is  intended  that  the  multiplexing 
method  that  would  most  likely  to  meet  these  criteria  will  be 
identified.  Later  it  is  supposed  that  this  information  will  lead 
to  the  generation  of  a Request  For  Quotation  for  the  fiberoptic 
equipment  that  will  meet  this  need. 
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SECTION  II 


BANDWIDTH 


2.0  SYSTEM  CONSIDERATIONS 

Although  the  bandwidth  of  multimode  optical  fibers  is  high,  it 
was  clear  early  in  the  project  that  any  possible  electrical 
multiplexing  scheme  would  require  a high  bandwidth.  For  that 
reason  one  of  the  first  questions  to  be  answered  early  in  the 
study  was  to  determine  what  bandwidth  is  actually  available  in 
the  multimode  fiber  links  at  KSC.  The  usable  bandwidth  of  the 
links  would  be  limited  by  a combination  of  the  fiber  bandwidth 
and  the  bandwidth  of  the  commercially  available  LED  transmitters 
and  PINFET  receivers.  Each  of  these  limiting  factors  was 
studied . 

2.1  FIBER  BANDWIDTH 

The  50/125  ym  multimode  fiber  links  interconnect  many  of  the 
buildings  at  KSC  and  typically  include  fusion  splices  (every  2-km 
or  so)  between  the  buildings  and  terminate  at  patch-panels  inside 
of  the  buildings.  Figure  2-1  illustrates  the  fiberoptic  cable 
plant  installed  or  planned  at  KSC. 


nmSES;  «/2/«T 


Figure  2-1.  Fiberoptic  Cable  Installation 
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Current  design  practices  assume  that  multimode  fibers  have 
constant  bandwidth • length  products  and  these  products  are 
specified  by  the  manufacturers.  If  this  is  so,  then  the 
available  fiber  bandwidth  varies  inversely  with  the  fiber  length, 
as  shown  in  equation  (1): 

BL 

B*  = (1) 

1 

where:  B*  = the  3-dB  bandwidth  of  the  fiber 

BL  = the  bandwxdth • length  product 
1 = the  length  of  the  fiber 

Manufacturer's  tests  show  that  equation  (1)  will  normally 
underestimate  the  actual  bandwidth  of  installed  fiber. 

Furthermore  any  disturbance  (connectors,  splices,  tight  bends, 
stress,  etc.)  along  the  fiber  will  cause  a change  in  the  power 
distribution  among  the  modes  which  will  change  the  fiber's 
bandwidth.  It  was  determined  that  tests  would  be  necessary  to 
better  understand  the  actual  bandwidth  of  the  center's  multimode 
fibers . 

A Tektronix  OF190  Bandwidth  Test  Set  was  obtained  for  the  purpose 
of  testing  a sample  of  the  Center's  fibers.  This  instrument 
measures  the  attenuation  and  electrical  bandwidth  (using  the 
swept-f requency  method)  of  multimode  fibers.  The  tests  were 
performed  at  the  CDSC  building  on  several  fiber  pairs  that  were 
looped  back  at  patch-panels  in  the  VABR.  The  test  configuration 
is  diagramed  in  Figure  2-2  and  an  example  of  the  hardcopy  output 
of  the  OF190  is  shown  in  Figure  2-3. 
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some  selected  results  of  these  tests  are  given  in  Jable  2-1. 
There  are  some  interesting  results  in  the  table.  The  contract 
for  the  cable  containing  fibers  71,  12,  73  and  74  specified  a 
minimum  bandwidth- length  product  of  1000  MHz-km.  ^ ^ 

shows,  the  actual  bandwidth- length  product  of  the  test 
exceeded  the  specification  by  50  to  150%.  The  effect  of  mode- 
scrambling  due  to  connectors  is  shown  by  comparing  the 
“t^enuaiion  and  the  bandwidth  in  -74-73*  teats  for  different 
launch  conditions  <the  EMS  is  an  equilibrium  mode  simulator). 
Evidently  the  2-m  patch  cord  caused  a loss  that  affected  the 
high-order  modes  predominately  since  the  patch  cord  produced  an 
increase  in  the  attenuation  combined  with  an  increase  in 
bandwidth . 

Table  2-1.  Results  of  Selected  Fiber  Bandwidth  Tests 


Fiber 

Cable 

Fiber 

Numbers 

dist 

(km) 

launch 

2-m 

patch  EMS 

1300  nm 
atten  BW 

(dB)  (MHz) 

144MS 

2/87 

74-73 

13.2 

X X 

X 

16.3  218 

12.5  201 

73-74 

13.2 

X X 

X 

15.5'  224 

13.2  189 

71- 72 

72- 71 

13.2 

X 

X X 

12.0  116 
16.9  117 

74-72- 

73-71 

26.4 

1 

X X 

26.3  85 

Another  interesting  result  was  a 50%  difference  in  the  bandwidths 
between  nominally  identical  fibers.  Further  testing  would  be 
necessary  to  understand  why  this  difference  is  so 

However,  in  all  but  the  very  longest  link,  the  bandwidth  of  the 
fiber  path  was  in  well  in  excess  of  100  MHz  and  should  allow  the 
transport  of  the  desired  multiplexed  video  signal. 


2.2  LED  TRANSMITTER  BANDWIDTH 

In  order  to  be  useful  over  the  distances  required  at  KSC,  the  LED 
transmitters  should  be  able  to  couple  a minimum  of  50  uW  of  power 
into  the  50/125-vm  fibers.  Devices  are  available  which  will 
provide  this  power  and  which  have  risetimes  in  the  vicinity  of 
2-3  ns  (bandwidths  of  120-180  MHz).  For  example,  the  LED 
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transmitter  that  was  used  in  all  of  the  laboratory  tests 
described  in  Section  5 was  a Stantel  Components  Inc.  model 
LH44A-19.  This  device  had  a risetime  specification  of  2.5  ns, 
and  coupled  -16  dBm  into  the  50/125  vm  pigtail.  These 
specifications  were  confirmed  in  the  laboratory.  The  device  is 
thought  to  be  sufficiently  fast  for  this  multiplexed  video 
application  although  more  power  is  desirable. 

2.3  PINFET  RECEIVER  BANDWIDTH 

The  PINFET  receiver  is  considered  to  be  the  most  appropriate 
choice  for  this  application  since  these  receivers  combine 
acceptable  sensitivity,  bandwidth  and  dynamic  range  with  economy. 
The  receiver  used  for  all  of  the  laboratory  tests  was  model 
RTZ-140-80C-MHZ  manufactured  by  PCO,  Inc.  This  device  is 
representative  of  a family  of  receivers  that  typify  the  products 
available  today.  The  performance  specifications  of  this  receiver 
are  listed  in  Table  2-2.  A higher  bandwidth  version  of  the 
receiver  is  also  shown  in  the  table  since  it  is  thought  that  this 
receiver  would  be  more  appropriate  to  the  multiplexed  video 
links.  Attempts  to  obtain  one  of  these  receivers  to  use  in  the 
laboratory  tests  were  unsuccessful . 

Table  2-2.  PINFET  Receiver  Specifications 


PINFET  used  . 
in  lab  tests 

PINFET  with 
higher  bandwidth 

Model 

RTZ-140-80-MHZ 

RTZ-200-140-MHZ 

Bandwidth 

80  MHz 

140  MHz 

Noise  Floor 

-50  dBm 

-48  dBm 

Responsivity 

35  mV/yW 

25  mV/yW 

Trans impedance 

50  kQ 

35  kfl 

Noise  Figure 

<2 

<2 

Dynamic  Range 

- - - i 

29  dB 

1 

29  dB 

2.4  OVERALL  AVAILABLE  BANDWIDTH 

The  result  of  the  bandwidth  investigations  is  that  a link 
electrical  bandwidth  of  100  MHz  is  readily  obtainable  with 
available  technology.  For  this  reason  100  MHz  was  used  as  the 
target  limit  for  the  bandwidth  for  the  subsequent  multiplexing 
investigations . 


SECTION  III 


OPTICAL  MULTIPLEXING 


3.0  WAVELENGTH  DIVISION  MULTIPLEXING 

In  order  to  simultaneously  place  two  wide-bandwidth  video 
channels  on  each  fiber,  some  multiplexing  scheme  needs  to  be 
chosen.  This  multiplexing  could  be  done  in  the  electrical  domain 
before  the  LED  or  optically  after  the  LED.  The  most  popular 
optical  multiplexing  scheme  is  wavelength  division  multiplexing 
(WDM) . For  WDM  each  signal  would  intensity  modulate  a separate 
LED  then  the  two  beams  would  be  optically  combined  and  coupled 
into  the  fiber.  The  two  LEDs  would  have  to  be  chosen  to  possess 
optical  spectra  that  were  in  the  1300-nro  window  but  did  not 
overlap  (850-nm  is  not  appropriate  due  to  high  attenuation  at 
this  wavelength).  At  the  exit  aperture  of  the  fiber,  the 
different  color  beams  are  first  optically  separated  and  then  each 
beam  is  sent  to  its  own  PINFET. 

The  expense  of  wavelength  division  multiplexing  makes  it 
inappropriate  for  this  application.  The  expense  arises  from  the 
need  for  separate  LEDs  and  PINFETs  for  each  video  channel,  from 
the  optical  couplers  necessary  at  the  fiber  ends  and  from  the 
stringent  requirements  placed  on  the  spectrum  of  each  LED. 

It  was  determined  that  for  this  application  the  multiplexing  of 
the  video  signals  would  be  done  electrically,  using  some  sort  of 
RF  technique.  Once  the  channels  were  electrically  combined  the 
complex  signal  would  then  intensity  modulate  a single  LED.  One 
PINFET  would  be  used  to  reconvert  the  optical  signal  back  into 
the  complex  electrical  signal  whxch  would  then  be  electrically 
demultiplexed  and  each  channel  processed  separately.  If 
successful,  RF  multiplexing  would  satisfy  the  need  to  better 
utilize  the  multimode  fiber  bandwidth  and  be  much  less  expensive 
than  optical  multiplexing. 
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SECTION  IV 


ELECTRICAL  MULTIPLEXING 


4.0  CANDIDATE  MULTIPLEXING  SCHEMES 

Meetings  early  in  the  project  identified  three  candidate  RF 
multiplexing  schemes  which  were  thought  worthy  of  investigation. 
Each  of  these  schemes  is  briefly  described  in  this  section  and 
the  results  of  these  investigations  are  detailed  in  Section  5. 

4.1  SCHEME  1:  FM  / FREQUENCY  DIVISION  MULTIPLEXING 

For  this  method,  each  video  signal  would  first  be  wideband 
frequency  modulated  onto  a different  carrier  and  then  the  two  FM 
spectra  would  be  combined  into  a frequency  division  multiplexed 
(FDM)  signal  that  would  be  used  to  intensity  modulate  an  LED. 

This  FM/FDM  scheme  is  diagramed  in  Figure  4-1.  After  conversion 
back  to  a complex  electrical  signal  at  the  receiver,  filtering 
would  separate  the  two  FM  spectra  which  would  then  be  demodulated 
by  ordinary  means. 


Figure  4-1.  Scheme  1:  FM/FDM 
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The  wideband  frequency  modulation  will  be  shown  to  be  necessary 
in  order  to  gain  the  S/N  improvement  that  can  be  realized  using 
this  modulation  (and  its  associated  preemphasis).  This  S/N 
improvement  seems  necessary  in  order  to  meet  the  short~haul  S/N 
specification  (67  dB  weighted)  over  useful  distances.  The  FM 
carrier  frequencies  and  deviations  would  need  to  be  chosen  to 
maximize  the  channel  separation  and  S/N  and  to  keep  the 
multiplexed  bandwidth  smaller  than  100  MHz. 

4.2  SCHEME  2 : AM  / FREQUENCY  DIVISION  MULTIPLEXING 

For  this  method,  frequency  division  multiplexing  would  be  used 
combine  two  video  signals  initially.  The  scheme  is  diagramed  in 
Figure  4~2.  One  channel  would  be  left  as  an  AM  baseband  signal 
and  the  second  would  be  single-sideband  modulated  to  a higher 
frequency.  After  these  AM  signals  are  mixed,  the  combination 
would  be  wideband  frequency  modulated.  Again,  the  reason  for  the 
FM  modulation  is  to  gain  some  FM  S/N  improvement. 


Figure  4-2.  Scheme  2:  AM/FDM 
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4.3  SCHEME  3:  QUADRATURE  AMPLITUDE  MODULATION 

In  ordinary  AM,  the  upper  and  lower  sidebands  carry  redundant 
information.  By  using  a variation  of  AM  called  Quadrature 
Amplitude  Modulation  (QAM),  two  baseband  signals  can  be  combined 
into  one  AM  spectrum,  in  effect,  the  two  signals  are  "phase" 
multiplexed  onto  an  IF  carrier.  This  scheme  would  use  QAM  to 
combine  the  baseband  channels  and  then  would  frequency  modulate 
the  resulting  signal  . A bloc)c  diagram  of  this  scheme  is  shown  in 
Figure  4-3. 


Figure  4-3.  Scheme  3:  QAM 

The  quadrature  amplitude  modulation  is  accomplished  by 
suppressed- carrier  amplitude  modulating  each  baseband  signal  onto 
coherent  carriers  which  are  in  phase  quadrature.  Separation  of 
the  two  signals  at  the  receiver  is  accomplished  by  coherent 
detection  and  necessitates  the  local  generation  in  the  receiver 
of  a carrier  pair  that  is  identical  to  those  used  in  the 
modulator.  The  generation  of  these  carriers  can  be  accomplished 
only  if  a pilot  tone  is  included  in  the  transmission  and  is  made 
available  for  phase-lock  reference  at  the  receiver. 
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SECTION  V 


PERFORMANCE  ANALYSIS 


5.0  FREQUENCY  MODULATION  AND  S/N  PERFORMANCE 

Frequency  modulation  is  at  some  point  common  to  all  of 
schemes.  The  S/N  improvement  associated  with  wideban 
necessary  to  provide  the  ability  to  meet  the  short-haul  S/N 
specif ication^after  the  optical  signal  has  passed  through  several 
kilometers  of  fiber,  and  becomes  especially  important  when  the 
optical  power  is  divided  between  two  independent  channels.  The 
S/N  improvement  inherent  in  wideband  FM  is  gained  at  the  expen 
of  a FMsIgnaf spectrum  that  is  broader  than  that  of  the  original 
sianal  The  widL  bandwidth  and  S/N  improvement  are  set  by  the 

pearFH  deviation.  Since  the  total  transmisaion  system 
W likelv  to  be  only  100  MHz,  a balance  between  the  S/N 

improvement  and  the  overall  bandwidth  must  be  established.  The 
Improvement  figure  and  an  estimate  °f  the  increased  bandwidth  are 
found  from  formulas  (2)  and  (3)‘^  ' : 

(2) 


Irw  = 4.77  + 201og(fp/b) 


Bfm  - 3 ( f p + 


b) 


(3) 


where 


I PM 
b 

Bpm 


the  S/N  improvement  in  dB 

the  peak  deviation  of  FM  signal 

highest  baseband  frequency  to  FM  modulator 

bandwidth  estimate  of  the  FM  spectrum 


The  signal -to-noise  estimate  (0.7  to  rms 

performance  of  FM  transmitted  video  signals 


noise)  of  the 
is  given  by ' ^ : 


S 


N 


3- (C/N) - 


2f^ 

b 


2 

•E 


(4) 


where:  C/N  = is  computed  from  (5)  ^ ^ . *-u 

f = peak  FM  deviation  represented  by  the 
**  "signal"  portion  of  the  waveform 
b = the  bandwidth  of  the  baseband  signal 
E = is  the  preemphasis  factor 


The  carrier  to  noise  ratio  for  the 
from  an  ac-coupled  PINFET  receiver 
trans impedance  preamplifier  can  be 


electrical  signals 
which  incorporates 
estimated  by'**: 


available 

a 
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c 


m"'*  (RP)  = -R* 


(5) 


N 2*(4kTb)*F„ 


where:  m 

R 
P 
k 
T 
F„ 
R* 


the  effective  optical  modulation  depth 

the  reaponsivity  of  the  PIN  photodiode 

optical  power  at  the  PIN 

Boltzman's  constant 

Kelvin  temperature  of  the  PINFET 

the  noise  figure  of  the  FET  preamplifier 

the  transimpedance  of  the  preamplifier 


The  optical  modulation  factor  represents  the  fraction  of  the  peak 
received  power  that  is  modulated.  If  only  one  signal  is  being 
transmitted  and  if  the  transmitting  LED  is  highly  linear,  then 
modulation  across  the  entire  characteristic  is  possible  and  m 
could  equal  unity.  However;  if  two  signals  are  being  combined 
and  used  to  modulate  the  LED  the  the  effective  optical  modulation 
depth  for  each  channel  would  be  a fraction.  If  the  phase 
relation  between  the  voltage  waveforms  of  the  signals  is  random, 
then  the  signals  could  be  combined  on  an  electrical  power  basis 
and  ra  = 0.7;  however,  in  the  worst  case,  the  waveforms  would 
combine  on  a voltage  basis  and  m = 0.5, 


Table  5-1  shows  the  relationship  between  the  peak  deviation 
chosen  for  an  FM  modulator,  the  expected  S/N  improvement  (without 
preemphasis)  and  the  RF  spectrum.  By  using  the  CCIR  405 
preemphasis  curve,  an  additional  improvement  of  13  dB  can  be 
expected  above  that  shown  in  the  table.  The  table  assumes  a 
highest  baseband  frequency  of  4.2  MHz.  In  the  future  I2-MHz  HDTV 
signals  could  accommodated  by  a reduction  in  the  peak  deviation; 
however,  the  S/N  performance  would  suffer. 


Table  5-1 

Choice  of  FM  Peak  Deviation 


peak 

deviation 
(MHz ) 

, FM 

improvement 

(dB) 

bandwidth 
(MHz ) 

2 

none 

18.6 

4 

4.35 

24.6 

6 

7.87 

30.6 

8 

10.37 

36.6 

472 


5.1  SCHEME  1:  FM  / FDM 


5.1.1  THEORETICAL  ANALYSIS 

Using  the  above  information  and  using  the  specifications  of  the 
PCO  PINFET  receiver  RTZ-140-80C-MHz  (see  section  2.3)  the 
following  estimates  of  the  unweighted  signal-to-noise  performance 
for  a FM/FDM  link  were  determined.  Table  5-2  summarizes  the 
results  of  these  calculations  at  various  received  power  levels 
and  compares  baseband  channel  widths  of  4.2  MHz  (NTSC  standard) 
and  12  MHz  (possible  future  HDTV).  For  both  cases,  the  peak-to- 
peak  deviation  was  chosen  to  be  8 MHz  and  the  CCIR  405 
preemphasis  curve  was  applied. 

Table  5-2 

Prediction  of  S/N  Performance  for  FM/FDM 


4.2  MHz  Baseband 

12  MHz  Baseband! 

input 

S/N 

S/N 

power 

C/N 

unwtd 

C/N 

unwtd 

(dBm) 

(dB) 

(dB) 

(dB) 

(dB) 

-40 

23.4 

46.7 

18.9 

33.0 

-36 

31.4 

54.7 

26.9 

41.0 

-30 

43.4 

66.7 

38.9 

53.0 

-25 

53.4 

76.7 

48.9 

63.0 

-20 

63.4 

86.7 

58.9 

73.0 

5.1.2  LABORATORY  TESTS 

Laboratory  tests  were  made  possible  by  modifying  some  existing 
equipment  as  shown  in  Figure  5—1.  Electrical  modulation  and 
frequency  translation  of  the  video  signals  was  performed  by 
modules  from  American  Lightwave  Systems  Inc.  At  the  transmit  end 
two  baseband  video  test  signals  were  FM  modulated  to  70— MHz 
carriers  (4  MHz  peak  deviation)  using  model  FM-6200-VM  modulators 
and  then  the  FM  spectra  were  translated  using  model  FM-6600-MX 
modules  to  52.5  (Ch  0)  and  87.5  MHz  (Ch  1).  At  the  receive  end, 
the  opposite  conversions  were  made  using  two  model  FM-6600-DMX 
demultiplexers  and  two  model  FM-6200-VD  demodulators. 

The  electro-optic  devices  and  the  associated  drive  and  bias 
circuitry  were  excised  from  the  single  channel  per  multimode 
fiber  5000-series  modules  manufactured  by  PCO,  Inc  and  were 
further  described  in  Section  2. 
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Figure  5-1.  Laboratory  tests 
Scheme  1 - FM/FDM 

At  first,  the  levels  of  the  combined  FM  signals  were  adjusted  to 
give  an  electrical  drive  signal  that  matched  the  drive  used  in 
the  PCO  equipment,  300  mV^.^  at  the  input  to  the  drive  circuit. 
This  level  produces  a large  optical  modulation  depth  (*100%).  A 
large  amount  of  intermodulation  distortion  was  observed  on  the 
video  test  equipment.  The  effect  of  the  optical  modulation  and 
detection  can  be  seen  in  Figure  5-2  which  shows  the  electrical 
spectrum  that  was  fed  to  the  LED  driver  circuit  and  the 
electrical  signal  after  reception  and  conversion  by  the  PINFET. 

A significant  feature  of  the  received  spectrum  is  that  the  second 
harmonic  of  the  high-frequency  channel  is  only  about  25  dB  below 
the  fundamental.  Even  more  significant  is  the  fact  that  the 
levels  of  the  sum  and  difference  intermodulation  products  are 
only  —20  dB  and  <-5  dB  respectively  (referenced  to  the 
fundamental ) . 
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Figure  5-2.  High-level  FM/FDM  Signal  Before  (left) 
and  After  (right)  Optical  Transmission 


Lowering  the  modulation  depth  to  approximately  20%  (by  loweri 
the  drive  signal  to  50  mV^*.)  dramatically  decreased  the 
intermodulation  products  as  can  be  seen  in  the  post-PINFET 
spectrum  shown  in  Figure  5-3. 


ng 


Figure  5-3  Low-level  FM/FDM  Signal 
After  Optical  Transmission 


475 


"”^"au::terorrireU'’""f..“r./rduU^  5-4 

Zws  the  PINFEi  output  tor  both  100%  and  20% 

modulation  when  only  the  carriers  are  present.  Reducing  tne 
optical  modulation  significantly  diminished  the  harmonic  and 
inLrmodulation  products.  The  difference  product  was  reduced  to 

-10  dB. 
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Figure  5-4 
modulation  depth 


Carriers  After  Transmissxon 
(top)  and  iov  modulation  depth 


( bottom) 
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It  was  thus  determined  that  the  LED  roust  be  significantly 
nonlinear.  The  electro-optic  characteristic  of  the  LED  was 
measured  and  is  shown  in  Figure  5-5. 


Fi9ur8  5 — 5 LED  E — 0 ChoractQnsiic 
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In  the  final  series  of  tests,  video  signals  were  transmitted 
through  the  system  depicted  in  Figure  5-1.  Tests  were  performed 
with  carrier  optical  modulations  of  m = 0.5  and  0.1.  The 
unweighted  S/N  performance  of  these  tests,  compared  with  the 
theoretical  calculations  are  shown  in  Figure  5-6. 

Figure  5-6  Comparison  of  FM/FDM 


Pf«dlcf«d  and  Umamirmd  S/N 


m m 0,8 


Rx  Optical  Pow«r  (dBm) 
A 


m » 0.1 


5.1.3  SCHEME  1 RESULTS 

The  tests  show  that  the  LED  used  in  the  tests  was  not  linear 
enough  to  produce  entirely  acceptable  performance  when  used  for 
the  transmission  of  the  complex  FM/FDM  spectrum.  The  large 
frequency  difference  intermodulation  product  necessitated  a 
greatly  reduced  optical  modulation  depth  in  order  to  recover  the 
low-frequency  (52.5  MHz)  channel.  The  tests  produced  good- 
quality  results  on  the  high-frequency  (87.5  MHz)  channel  since  it 
was  much  less  affected  by  the  nonlinearities  of  the  LED. 


When  low  optical  modulations  were  used  there  was  little  power 
margin.  However,  when  the  high  modulation  was  used,  good 
performance  was  measured  on  the  87.5  MHz  signal  after  12  dB  of 
optical  attenuation.  This  is  encouraging  especially  since  the 
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tests  were  performed  on  a "patchwork"  system  and  time  did  not 
permit  trying  to  modify  the  system  for  better  performance. 

This  multiplexing  scheme  appears  promising  for  the  transmission 
of  two  NTSC  video  signals.  Short-haul  quality  appears  attainable 
with  link  losses  in  excess  of  15  dB.  However,  the  actual 
performance  of  this  scheme  depends  on  using  LEDs  that  are  much 
more  linear  than  those  used  in  the  single-channel  systems  and  in 
the  careful  choice  of  FM  carrier  frequencies  and  deviations  to 
minimize  harmonic  and  intermodulation  distortions. 

5.2  SCHEME  2:  AM  / FDM 

To  accomplish  the  initial  frequency  division  multiplexing,  one 
baseband  signal  is  SSB  modulated  to  the  12—24  MHz  range  and  is 
combined  with  another  baseband  signal  (refer  to  Figure  4-2). 
Reserving  the  desired  12  MHz  per  channel,  this  multiplexing  would 
result  in  a combined  signal  of  24  MHz  minimum  bandwidth  that 
would  then  be  wideband  frequency  modulated.  Because  of  the 
bandwidth  limitations  of  the  fiberoptic  link  (previously 
described),  the  FM  carrier  should  be  as  low  in  frequency  as 
possible,  say  in  the  range  of  50  to  70  MHz.  The  proposed  limit 
on  the  bandwidth  of  the  two-video  channel  fiberoptic  links  is 
100  MHz;  so  it  can  be  seen  that  any  FM  improvement  is  limited 
since  the  peak  deviation  would  have  to  be  less  than  24  MHz.  In 
addition,  it  is  not  clear  that  an  FM  demodulator  could  be 
designed  that  would  function  acceptably  when  the  carrier  is  only 
two  or  three  times  the  24  MHz  peak  deviation. 

5.2.1  THEORETICAL  ANALYSIS 

Using  the  above  information,  the  signal-to-noise  performance  of  a 
two-channel  fiberoptic  link  was  computed  for  various  amounts  of 
power  at  the  receiver.  For  these  calculations,  the 
specifications  for  the  model  RTZ-140-80C-MHz  PINFET  receiver  were 
used,  12-MHz  wide  video  channels  were  reserved,  these  signals 
were  assumed  to  combine  at  the  LED  on  a voltage  basis  and  the 
overall  optical  modulation  was  set  at  unity.  A 10  dB  preemphasis 
was  assumed  and  the  peak  deviation  was  12  MHz.  The  results  of 
these  calculations  are  given  in  Table  5—3. 

Table  5-3.  Optimum  S/N  Performance  of  AM/FDM 


4.2  MHz  Baseband! 

power 

C/N 

S/N  unwtd 

( dBm) 

(dB) 

(dB) 

-40 

15.9 

30.5 

-36 

23.9 

38.5 

-30 

35.9 

50.5 

-25 

45.9 

60.5 

-20 

55.9 

70.5 
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In  order  to  meet  the  short-haul  S/N  specification,  an  unweighted 
S/N  of  approximately  68  dB  is  necessary.  As  the  table  shows, 
even  this  optimized  system  can  meet  short-haul  S/N  only  if  the 
received  optical  power  is  approximately  -25  dBm.  Assuming 
reasonable  link  margins  and  an  output  of  -16  dBm  at  the 
transmitter,  the  loss  budget  is  very  small. 

5.2.2  LABORATORY  TESTS 

Laboratory  tests  were  performed  on  a variation  on  this  AM/FDM 
scheme.  A baseband  video  channel  and  the  vestigial  sideband 
output  of  a CATV  sub- low  band  (channel  T7 ) modulator  were 
combined  and  transmitted  using  the  12-MHz  bandwidth  of  the 
existing  PCO  5000-series  optical  transmitters  and  receivers  set 
to  "analog"  mode.  The  existing  transmitter  used  a preemphasis  of 
4 dB  and  a peak-to-peak  FM  deviation  of  12  MHz.  Figure  5-7  shows 
the  laboratory  equipment  used  to  performance  the  tests  and  Figure 
5-8  shows  the  Baseband+T7  signal. 


Figure  5-7.  Laboratory  Tests 
Scheme  2 - AM/FDM 
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Figure  5-8.  Baseband+T7  Signal  Used  in  Laboratory  Tests 


Due  to  the  transmission  of  the 
signal,  the  optical  modulation 
both  necessarily  reduced.  The 
prediction  calculations  and  of 
system  are  shown  in  Figure  5-9 
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performance  of  this  Baseband+T7  system  was  worse  than  the  optimum 
system;  and  the  laboratory  measurements  agreed  well  with  the 
performance  predictions. 

5.2.3  SCHEME  2 RESULTS 


The  theoretical  calculations  lead  to  the  conclusion  that  this 
multiplexing  scheme  is  not  likely  to  produce  fiberoptic 
transmission  systems  that  meet  the  stringent  requirements  unless 
a combination  of  more  powerful  sources  and  wider  link  bandwidth 
are  used.  The  laboratory  tests  verified  this  conclusion. 

5.3  SCHEME  3;  QAM 

5.3.1  THEORETICAL  ANALYSIS 


method,  two  baseband  video  signals  are  quadrature 
amplitude  modulated  onto  a 30-MHz  (or  so)  carrier.  Theory  states 
that  the  two  signals  can  be  recovered  without  cross-talk  if  the 
local  carrier  pair  are  in  exact  phase  quadrature  and  if  the 
demodulator  carrier  pairs  are  phase-locked  precisely  to  the 
modulator  carriers.  These  stringent  phase  requirements  result  in 
a practical  situation  where  the  crosstalk-to-signal  ratio  is  a 
sensitive  function  of  the  phase  error  from  actual 

quadrature ‘ . The  crosstalk-to-signal  ratio  is  given  bv  the 
equation  (6): 


where : 


X/S  = 20-log(tan#) 

X/S  = the  crosstalk  to  signal  ratio  in  dB 
* - the  quadrature  phase  error  in  degrees 


(6) 


Figure  5-10  shows  the  relation  between  crosstalk  and  phase  error 
As  can  be  seen,  a phase  error  of  0.05*  would  result  in  crosstalk* 
being  60  dB  below  the  signal.  However,  a 1‘  phase  error  would 
result  in  crosstalk  only  35  dB  below  the  signal. 

In  the  commercial  application  of  quadrature  amplitude  modulation 
that  IS  most  widely  known  (C-QUAM  broadcast  AM  stereo)  the  phase 
errors  are  such  that  there  is  a signal  isolation  of  30  dB'®’  It 
remains  to  be  proven  if  an  acceptable  isolation  can  be  realized 
in  high-quality  video  systems. 
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5.3.2  LABORATORY  TESTS  NOT  PERFORMED 


Time  constraints  and  delays  in  receiving  the  necessary  electronic 
parts  precluded  any  laboratory  tests  of  Scheme  3. 

5.3.3  FURTHER  TESTS  DESIRABLE 

The  broad  spectrum  of  the  QAM  signal,  which  is  ^he  same  as 
double-sideband  AM,  and  the  100-MHz  bandwidth  of  the  fiberoptic 
system  would  impose  the  most  of  the  same  difficu 

limitations  discussed  in  Sections  5.x  and  seems  to  . 

this  method  is  not  very  promising.  However,  ® of^two 

modulation  represents  novel  approach  to  the  multiplexing  of  tw 
signals  onto  one  fiber.  Much  less  information  is  available 
regarding  this  scheme  and  no  research  was 
method  to  fiberoptic  systems.  These  factors  make  this 
very  interesting  and  suggest  that  further  research,  including 
practical  laboratory  tests,  is  desirable. 


483 


SECTION  VI 


CONCLUSIONS 


6.0  SCHEME  1 IS  THE  MOST  PROMISING 

It  appears  that  one  of  the  three  electrical  multiplexing  schemes 
has  a good  chance  of  meeting  the  difficult  goal  of  transmitting 
two  wideband  video  signals,  on  one  multimode  fiber,  across  the 
dxstances  encountered  at  KSC,  meeting  RS-250B  short-haul 
standards  and  doing  so  relatively  inexpensively.  It  should  be 
possible  to  produce  terminal  equipment  that  meets  this  goal  by 
employing  independent  wideband  frequency  modulation  for  each  of 
the  two  baseband  video  signals,  combining  the  signals  using 
frequency  division  multiplexing  and  using  this  complex  signal  to 
xntensity  modulate  a high-performance  LED.  This  most  promisinq 
method  was  named  Scheme  1 in  this  report. 

Two  significant  problems  were  encountered  that  could  prevent  the 
success  of  Scheme  1.  In  order  to  get  reasonable  transmission 
dxstances,  xt  is  necessary  to  impose  a large  optical  modulation 
depth  on  a powerful  source.  This  large  modulatxon  places 
strxngent  requirements  on  the  linearity  of  the  LED.  LEDs  that 
are  more  powerful  and  more  linear  than  the  one  used  in  this  study 
must  be  employed.  Furthermore,  the  choice  of  the  FM  carrier 
frequencies  and  deviations  are  also  critical.  These  parameters 
must  be  chosen  to  reduce  harmonic  and  intermodulation 
distortions,  to  limit  the  multiplexed  spectrum  (to  100  MHz  or  so) 
and  to  allow  reasonable  amounts  of  FM  improvement  in  the  signal - 
to-noxse  ratio.  ^ 


6.1  FURTHER  STUDIES  RECOMMENDED 

Additional  studies  should  be  undertaken  in  two  areas.  Research 
axmed  at  defxnxng  the  current  state-of-the-art  in  LED-based 
transmxtters  should  be  done  due  to  the  critical  roles  that  the 
Ixnearxty  and  power  of  the  LED  transmitters  play  in  determining 
transmxssxon  dxstance  and  sxgnal  distortion.  In  terms  of  applied 
research,  these  studies  would  hasten  the  design  of  terminal 

equxpment  that  meets  the  special  need  at  KSC  which  led  to  this 
project. 

Because  of  its  novelty  and  the  lack  of  information  available 
concernxng  xt,  the  Quadrature  Amplitude  Modulation  method  (Scheme 
3)  deserves  more  attention.  Even  though  this  preliminary  study 
raxses  doubts  as  to  the  effxcacy  of  this  method,  it  was  not 
possxble  to  verify  these  doubts  nor  quantify  this  method’s 
performance  in  the  laboratory. 
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ABSTRACT 

Je  vj.„™1„t3.  operat.ons^js  be,o„a 

Therefore^  Rooties  Applications  Development  Laboratory  at 
Kennelr  spa°r  Center  Ls  put  together  an 

that  clordinatea  state  of  the  art  robotic  syatem  providing  an 
excellent  easy  to  use  testbed  for  NASA  sensor  integration 

experiments . 

This  paper  reviews  the  ways  of  improving  the  dynamic  response 
the  robor  operating  under  force  feedback  with  varying 
dynamic  internal  perturbations  in  order  to  provide  continuous 
Stable  operations  under  variable  load  conditions. 

The  aoal  is  to  improve  the  stability  of  the  system  with  force 
f^^d^aci  Ling  Le  adaptive  =-trol  feature  of  existing 
o\7f*r  a wide  ranqe  of  randome  motions.  Trie  errec 
5Ld  va^ILiLL  L ?he  dynamics  and  the  transfer  function 
(order  or  values  of  the  parameters)  of  the  system  has  been 
investigated,  more  accurate  models  of  the  system  has  e 

determined  and  analyzed. 
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1.  INTRODUCTION 


Remotely  operated  umbilical  operations  such  as  alignment  , 
docking,  mating  , latching  , demating  are  some  of  the 
operations  that  Robotic  Applications  Lab  is  presently 
concentrating  on.  These  are  time  critical  , hazardous  and 
labor  intesive  operations  that  roust  be  done  by  robots. 

Connecting  and  disconnecting  of  umbilical  fuel  lines  for  the 
main  tank  of  the  space  shuttle  vehicle  is  currently  persuied. 
This  a complicated  operation  even  for  robot.  To  perform  the 
task  the  robot  has  to  perform  tracking  of  the  shuttle  vehicle 
which  is  a dynamic  structure  with  random  movements  at  the  time 
when  it  is  stacked  at  the  launch  pad  and  excited  by  gusting 
winds . 

In  order  to  prevent  damage  to  the  shuttle  the  robot  has  to 
follow  the  random  movements  of  the  shuttle  precisely. 
Practically  the  robotic  system  must  allow  the  shuttle  to  "lead 
the  robot  by  nose"  such  that  the  contact  forces  remain  in 
acceptable  region.  An  off-the-shelf  robot  is  not  capable  of 
doing  this  job.  Accomplishing  this  task  require  additional 
enhancements  of  the  state  of  the  art  in  several  areas  of 
robotic  decipline. 

Most  importantly  the  control  system  can  not  be  a simple 
single  feedback  loop  but  a sophisticated  control  system  with 
the  ability  to  alter  it's  output  in  response  to  sensory 
information  from  it's  environment.  A system  of  that 
characteristics  falls  into  the  category  of  adaptive  control 
systems.  The  existing  robotic  system  at  Robotic  Application 
Laboratory  has  this  adaptive  control  capability. 

Previous  work  on  force  feedback  using  the  adaptive  control 
feature  of  existing  system  indicates  a very  high  tendency  for 
instability  under  operating  conditions  demanded  by  umbilical 
mating  problem.  The  objective  is  to  improve  the  stability 
of  the  system  over  a wide  range  of  randome  motions. 

1.1  OVERVIEW  OF  THE  EXISTING  ROBOTIC  SYSTEM  UNDER  TEST 

Robotics  Applications  Development  Lab  has  organized  a general 
purpose  multiwork  station  and  development  testbed  for  the 
integration  of  robotic  systems  and  sensors.  The  robotic  system 
in  this  lab  is  extremely  resposive  to  requirements  of 
providing  "real-time  adaptive  servo  control  and  feedback 
mechanism  integration  " . It  is  adaptive  in  the  sense  that  it 
has  the  ablility  to  alter  it's  output  in  response  to  sensory 
information  on  and  around  the  robot.  The  system  is  composed  of 
the  following  components: 
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o 6 - axis  , 2001b  ,lift  industrial  robot  on  a 30'  track, 
o 9 - axis  adaptive  (sensory  feedback  ) control, 
o Supervisory  supermicrocomputer  with  modular  software. 

The  system  is  an  integration  of  the  following  smart 
subsystems : 

o Programmable  process  controller  . 
o Color  graphics  display  system  . 
o Real-time  closed  loop  vision  system. 

The  function  of  the  latest  component  (real-time  closed 
vision  system)  is  "adaptive  path  control  " of  docking 
mechanism  through  real-time  visual  feedback  .The  robot  must  be 
positioned  such  that  the  target  is  entirely  within  the  field 
of  view  for  the  tracking  function  to  perform.  Target 
identification  or  object  recognition  is  not  performed.  After 
docking  , the  system  does  not  move  relative  to  the  vision 
system  on  the  robot  therefore  it  is  necessary  to  switch  from 
non-contact  vision  to  force  tactile  control  in  order  to 
maintain  tracking. 

To  demonstrate  this  capability  , Robotics  Applications 

Developement  Lab  (RADL)  is  developing  techniques  to  mate  a 
generic  umbilical  with  a randomly  moving  target  . The  target 
consists  of  an  independently  controlled  three-axis  table  with 
moving  plate.  Further  details  can  be  found  in  [11. 

Force  feedback  is  mandatory  in  the  terminal  guidance  and 
docking  phase  . It  is  mainly  because  of  the  close  tolerance 
required  in  the  critical  and  hazardous  mating  of  the 
umbilical  lines  . The  vision  system  can  best  bring  the  tower 
side  plate  within  a capture  zone  of  the  moving  plate  and  from 
there  effect  a smooth  handover  to  terminal  force-feedback. 

This  report  will  mainly  concentrate  on  the  force  feedback  and 
adaptive  control  feature  , the  vision  system  is  beyond  the 
scope  of  this  report  and  will  not  be  discussed. 

1.2  ADAPTIVE  AND  FORCE  FEEDBACK  FEATURES  OF  RADL  SYSTEM 

Since  adaptive  control  has  very  extensive  scope  , therefore  it 
is  necessary  to  clarify  what  we  have  in  mind  by  the  term 
"Adaptive  Control".  On  the  other  hand  there  is  no  universally 
accepted  definition  at  present.  A precise  definition  is 
somewhat  difficult  because  of  several  forms  of  uncertainties 
present  in  a system  and  different  methodologies  involved  to 
tackle  the  situation. 
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In  general  adaptive  control  is  for  control  of  systems  in  the 
presence  of  uncertainties  , structural  perturbations  and 
environmental  variations.  In  simpler  terms  adaptive  control 
is  used  where  the  dynamics  of  the  system  changes  and  therefore 
adaptive  control  provides  a systematic  approach  to  determining 
suitable  controller  settings  to  achieve  a design  objective. 

In  other  applications  the  plant  dynamics  may  be  invariant  but 
still  adaptive  control  may  be  used  to  continuously  search  for 
the  optimum  within  it's  allowed  class  of  possibilities  by  an 
orderly  trial-and-error  process  so  it  give  performance  vastly 
superior  to  that  of  a fixed  system.  In  the  case  of  ASEA 
Robotics  Inc.  use  of  "Adaptive  Control"  implies  the  ability  to 
adapt  to  real  world  changes  as  determined  by  sensory  devices, 
by  changing  the  input  to  the  system. 

The  original  intent  of  including  "Adaptive  Control  feature  on 
the  ASEA  robot  was  to  allow  external  sensors  to  modify  the 
trojectory  of  the  robot  to  compensate  for  the  irregularities 
and  uncertainties  in  welding  and  gluing  operations. 
Trojectory  modifications  through  the  adaptive  control  inputs 
allow  real  time  adaptation  of  the  path. 


1.3  FORCE  FEEDBACK  HARDWARE  OF  RADL  SYSTEM. 

The  use  of  force  feedback  control  requires  an  appropriate 
force  and  torque  transducer.  The  RADL  has  a six  axis  force 
and  torque  sensor  manufactured  by  JR3.  This  system  consists  of 
the  force/torque  sensor  connected  directly  to  the  robot  arm  , 
plus  a microprocessor  system  for  signal  conditioning  and 
communication.  The  sensor  uses  six  strain  gage  bridges  on  a 
monolithic  block  to  measure  deflections.  these  deflections 
are  then  converted  into  force/torque  estimates  in  the 
electronic  instrumentation,  using  a factory  calibrated  sensor 
transform. 

Force/torque  information  is  determined  at  a preprogrammed 
rate,  with  the  maximum  rate  determined  by  the  number  of 
channels  in  active  use.  The  maximum  rate  for  all  six  channels 
is  approximately  32  hz . 

The  JR3  system  allows  considerable  flexibility  in  setting  up 
the  operation  of  the  sensor.  The  types  of  communication 
available  include  2 channels  of  RS232  ports  ( 1200  and  9600 
baud  ),  DMA  interface  to  the  microVax  computer,  analogue 
output  voltages  proportional  to  the  measured  forces  and 
torques,  and  discretely  triggered  I/O.  All  ports  are 
programmable,  and  can  be  used  force  feedback  control. 


The  force  information  can  be  transmitted  either  continuously 
or  one  sample  at  a time,  in  formats  for  either  screen  display 
or  in  a binary  form  for  control  purposes.  The  binary  data 

format  requires  a communication  overhead  of  six  bytes  plus 
between  two  and  four  bytes  per  force  value  transmitted 
resulting  in  a minimum  communication  delay  of  15 

msec .( 66hz ) for  six  channels  at  9600  baud. 

The  DMA  data  transfer  to  the  microVax  and  analogue  output 
voltages  are  updated  at  the  sample  rate  of  the  JR3  sensor, 
the  discrete  output  is  completely  configurable  from  the 

programming  of  the  load  envelopes  , and  is  useful  for 
controlling  discrete  levels. 

Forces  and  torques  due  to  constant  loads  (e.g.,  weight  of 
the  tool  piece  ) can  be  nulled  out  if  held  in  constant 
orietation.  However,  inertial  forces  due  to  acceleration  can 
not  be  removed  by  the  sensor,  indicating  the  nmasses  distal 
to  the  sensor  should  be  kept  as  small  as  possible. 

1.4  GENERAL  CONFIGURATION  OF  RADL  ROBOT  CONTROL  SYSTEM 

In  general  a controller  for  an  industrial  robot  is  composed 
of  3 main  subsystems  as  shown  in  Fig.l 

o Operating  system.  It  performs  two  main  functions .One  is 
interface  between  controller  and  human  beings  , other 

controllers  and  sensor  system.  Another  is  real-time  monitor 
managing  work  condition  of  robot  , error  operation  and  data 

base.  j *. 

o Reference  /Trojectory  generator  . As  the  name  indicates 

this  part  is  generating  reference  angles  of  each  joint 
according  to  the  data  from  operating  system. 

o Servo  control  system.  This  part  is  controlling  each  motor 
according  to  the  data  from  reference  generator  using  feedback 
or  feedforward  techniques. 

The  general  configuration  of  RADL  robotic  system  is  depicted 
in  Fig. 2.  This  is  a functional  representation  of  ASEA 
controller  with  force  feedback.  Programming  is  typically  done 
in  poi t-to-point  teach  method.  The  robot  is  moved  via  a three- 
axis  joystick  to  the  desired  point  , which  is  recorded 
latter  feedback.  The  desired  accuracy  in  relocating  this  point 
is  also  programmable  (for  example  fine  or  coarse)  as  well  as 
velocity  between  points*  Notice  that  coarse  prograrnining  # 
robot  only  approximately  reaches  the  trojectory  endpoint 
does  not  stop  it's  motion  when  it  reaches  this  point 
continues  on  towards  the  next  point.  A similar  procedure 
be  done  by  allowing  the  end  points  to  be  set  in  real-time 
external  communications  with  the  supervisory  computer. 
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General  configuration  of  a robotic  control  system 


A significant  point  involved  in  the  use  of  the  ASEA  robot  with 
force  feedback  control  is  that  only  the  terminal  points  can 
be  programmed  or  downloaded  from  an  external  computer.  The 
actual  trojectory  for  the  endpoint  is  generated  internally  by 
an  interpolation  routine  , as  diagrammed  in  Fig. 2.  The 
ramification  of  this  observation  is  that  only  modifications  of 
the  trojectory  endpoints  can  made  using  an  external  computer. 
The  real-time  trojectory  as  defined  by  the  interpolation 
routine,  can  not  be  modified  by  this  approach  . the  importance 
of  this  observation  is  dependent  on  the  relative  time  scales 
involved.  For  the  existing  vision  system  , trojectory 
endpoints  can  be  updated  at  a rate  of  between  7 and  10  hz . 
With  a new  trojectory  determined  at  each  interval  and  with  the 
robot  not  being  required  to  finish  it*s  initial  trojectory  the 
robots  dynamics  are  slow  enough  to  smooth  out  these  trojectory 
variations  . 

However  for  systems  requiring  rapid  modifications  , such  as 
foj^ce/ torque  feedback  control  , the  time  delay  associated  with 
computer  communication  link  (100  —140  msec)  is  expected  to  be 
slow  enough  to  cause  instabilities  in  the  control. 

The  adaptive  control  feature  of  ASEA  robotic  system  provide  a 
path  for  X,  Y,  and  Z axis.  This  feature  allows  for  the 
preprommed  trojectories  to  be  modified  based  on  external 
inputs  to  the  controller.  The  velocity  of  the  generated 
trojectory  can  be  modified  by  an  analogue  or  digital  input 
signal  , allowing  an  integral  force  feedback  control  loop  to 
be  placed  around  the  existing  position  control  loop  , as 
demonstrated  in  Fig. 2. 

2.  THEORETICAL  BACKGROUND  AND  GENERAL  CONSIDERATIONS 
2.1  SERVO  CONTROL  SYSTEM 

In  general  the  servo  control  system  is  designed  to  follow 
•^®f®t*6nce  value  produced  in  reference  generator.  The 

mathematical  model  of  robot  has  to  be  derived  for  the  design 
of  servo  control  system.  Considering  the  robot  with  6 degree 
freedom  the  position  and  posture  of  the  arm  can  be 
described  by  the  following  equation: 

X = f (q) 

Let  the  torque  be  7 = It;  • • -T.  K dynamics  of  the  robot  can 
be  described  by  the  equation.  * 

I(q)q  + f(q,q)  + Vq  + g(q)  - y 

Where , 

I(q)  : matrix  of  inertial  moments 
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f(q,q):  term  of  centrifugal  and  coroiri  force 

Vq  : friction  term 
g(q)  : gravity  term 

q : q = [ 0j  1 joint  angle 

As  shown  in  the  equation  given  above,  robot  is  a nonlinear  and 
coupling  system.  Torque  r can  be  calculated  according  to 
given  reference  angle 


2.2  INVERSE  KINEMATICS 


When  trojectory  of  the  robot  devoted  to  the  configuration 
vector  X of  n-dimensional  cartesian  coordinates  is  given  by 
position  and  posture,  the  joint  angles,  denoted  by 
configuration  vector  q of  n-dimensional  joint  coordinates  have 
to  be  calculated. 


In  general  x can  be  experssed  in  terms  of  q 
using  homogeneous  transformation,  i.e. 
dimensional  vector  valued  function,  f(q). 


straight  forwardly 
a nonlinear,  n- 


X = f(q) 

If  the  analytic  solution  for  determining  q in 
X exists,  the  following  equation  (resolved  motion 
control ) is  obtained  . 

q = f ( X ) 


terms  of 
position 


However,  if  the  analytic  solution  does  not  exist,  the  (nxn) 
Jacobian  matrix  can  be  used  ( resolved  motion  rate  control  ) 


Where 

In  trojectory  generator 
calculated  using  these 
operating  system. 


X = J(q)q 


J (q) 


, the  reference  angle  of  each  joint  is 
methods  according  to  the  data  from  the 


2.3  CONTROL  SYSTEM  DESIGN  PROBLEMS 

As  was  indicated  above  the  dynamic  equations  that  describe 
robot  arms  motion  are  coupled  sets  of  highly  nonlinear 
ordinary  differential  equations  for  which  closed-form 
analytical  solutions  are  not  available.  Physically  the 
coupling  terms  represent  gravitational  torques,  which  depend 
on  positions  of  the  joints;  reaction  torques  due  to 
acceleration  of  other  joints;  and  Coriolis  and  centrifugal 
torques . 
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The  magnitude  of  these  interaction  torques  depends  on  the 
physical  characteristics  of  the  manipulator  and  the  load  it 
carries.  The  control  system  design  is  complicated  by  these 
effects.  A certain  task,  like  tracking  a moving  target  or 
inserting  a peg  in  a hole  must  be  broken  down  in  to  subtasks, 
and  appropriate  control  strategies  must  be  switched  in  and  out 
of  the  control  loop  by  some  higher  level  process. 

The  control  scheme  of  most  industrial  robots  is  basically  a 
proportional  plus  derivative  control  method  for  each  joint 
where  the  feedback  gains  are  constant  and  prespecified.  It 
does  not  have  the  capability  of  updating  the  feedback  gains 
under  varying  payloads  . This  is  a significant  problem  since 
inertial  loading,  coupling  between  joints,  and  the  gravity 
effects  are  all  position-dependent  terms. 

The  problem  is  magnified  at  high  speeds  because  the  inertial 
loading  terms  can  change  drastically.  As  a result, 
manipulators  controlled  this  way  are  best  suited  for  slow 
speed  tasks. 

In  our  case  (tracking  a moving  target  ) the  dynamical 
interference  of  the  arm  with  the  environment  requires  that  the 
system  have  some  compliant  characteristics. 

2.4  COMPLIANCE  AND  SENSING 

Compliant  motion  can  be  produced  in  two  ways  . First,  a 
passive  mechanical  compliance  can  be  built  so  that  it  can 
yield  to  the  task  geometry . The  second  method  of  producing 
compliant  motion  is  an  active  compliant  implemented  in  the 
control  servo  loop, FORCE  CONTROL.  This  requires  the  use  of 
sensors  to  provide  information  for  modifying  the  tasks. 

Passive  compliance  offers  some  performance  advantages 
undoutedly  , but  the  force  control  method  offers  the 
advantage  of  programmability.  this  allows  the  system  to  use  a 
particular  form  of  compliance  necessary  for  a particular 
application. 

2.5  ROBOT  FORCE  CONTROL 

Robot  force  control  involves  integration  of  tasks  goals, 
trojectory  generation,  force  and  position  feedback,  and 
modification  of  the  tro jectories . It  requires  understanding 
contact  tasks  so  that  effective  strategies  and  trojectories 
can  be  planned  and  feedback  data  can  be  understood.  It  also 
requires  control  so  that  the  robots  responses  will  be  stable. 
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Finally,  it  requires  filtering  and  estimation  to  remove 
unwanted  signals,  such  as  noise  and  robot  motion  errors,  so 
that  usable  feedback  information  can  be  obtained  . These 
issues  •-  task  analysis,  strategy  generation , control 

stabilization,  and  filtering—  must  be  dealt  with  together  if 
effective  force  control  systems  are  to  be  created. 

Various  force  control  systems  have  been  implemented , but 
unfortunately  there  is  not  much  underlying  theory  for  it.  In 
this  report  one  of  the  objectives  is  to  search  for  more 
accurate  models  representing  .the  system  which  will  be  done 
latter  in  this  report. 

There  are  two  approaches  to  force  control,  which  have  been 
referredto  by  [41  as  explicit  feedback  approach  and  the  hybrid 
controller  approach.  The  explicit  feedback  approach  uses  an 
explicit  force  control  law  which  feeds  sensed  forces  back  to  a 
position  or  velocity  controller.  Typical  of  the  explicit 
feedback  approach  is  the  generalized  spring  which  feeds  back 
force  information  through  a stiffness  matrix  to  position 
controller.  This  method  can  be  modeled  by  the  relation 

f = K(p  - p) 

where  p is  the  effector  force,  p is  the  effector  position,  ana 
p is  the  nominal  position,  which  is  input  supplied  from  the 
planning  system  or  user  program,  K is  stiffness  matrix,  which 
relates  forces  observed  at  the  effector  to  deviations  from 
nominal  position.  The  stiffness  matrix  can  be  chosen  to 
optimize  performance  of  a particular  task.  The  generalized 
damper  method  is  similar  in  form  but  assumes  a velocity 
controller  instead  of  a position  controller.  This  method  can 
be  modeled  by  the  relation 

f = B(v  - 

where  f is  the  effector  force  v is  the  effector  velocity,  and 
v^  is  the  nominal  velocity,  which  is  input  from  the  planning 
system  or  user  program,  B is  the  damping  matrix,  in  this  case 
relating  effector  force  to  deviations  from  the  nominal 
velocity.  A generally  useful  choice  for  B is  just  the 
identity  matrix  times  some  negative  damping  coefficient. 

The  hybrid  controller  approach  distinguishes  one  or  more 
degrees  of  freedom  as  being  force-controlled  rather  than 
position-controlled.  The  simplest  implementation  of  this 
approach  is  the  free  joint  method.  This  method  is  easily 
understood  by  considering  a task  with  the  property  that  each 
force  or  velocity  constraint  happens  to  be  alligned  with 
manipulator  joint.  In  that  case  the  force  axes  can  be  servoed 
on  force  and  the  position  axes  on  position  in  an  independent 
fashion . 
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2.6  GENERAL  CONFIGURATION  OF  FORCE-FEEDBACK  CONTROL 


Most  of  the  force-feedback  systems  developed  to  date  can  be 
fitted  in  to  the  overall  architecture  shown  in  Fig  3. 


Fig.  3.  General  architecture  of  ropbot  force-feedback. 

The  robot  is  commanded  along  some  nominal  path  or  velocity, 
which  is  modified  by  motion  updates  created  by  the  strategy. 
At  some  point,  contact  occurs  between  the  robot  and  it's 
environment.  The  collective  deformation  and  stiffness  give 
rise  to  forces  that  react  directly  on  the  robot's  joints. 
Forces  generated  by  contact  actually  include  impact  dynamics, 
inertia,  elastic  deformation,  and  friction. 

At  the  low  speeds  typical  of  robots  contact, the  dynamics 
usually  are  ignored . Friction  forces  are  usually  assumed  to  be 
proportional  to  elastically  induced  normal  forces.  The  contact 
forces  are  also  sensed  and  fed  to  the  strategy. 

2.7  FINAL  REMARKS  REGARDING  THEORETICAL  BACKGROUND. 

Unfortunately  today,  force  control  is  well  behind  vision 
in  both  sophistication  of  theory  and  levvel  of  application  in 
industry.  Sensors  and  computational  capacity  are  not  limiting 
progress.  More  effort  is  needed  to  identify  and  solve  basic 
theoretical  poroblems. 

The  traditional  academic  study  of  robot  arm  control  deals  with 
motion  in  space  with  no  contact  with  the  environment.  Such 
studies  model  the  robot  an  inertia.  As  the  compliant  nature  of 
robot  arms  are  becoming  more  widely  recognized  and  the  effect 
of  compliance  on  performance  is  better  understood,  control 
studies  have  to  deal  with  the  combined  influence  of  inertia 
and  compliance. 
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Pig. 4:  Pin  insertion  in  rigid  hole  results  unstable  operation 
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3.  PRACTICAL  ANALYSIS  AND  CONSIDERATIONS 


As  was  stated  at  the  introduction  implementation  of  force- 
feedback  control  using  ASEA's  adaptive  control  loop  had 
indicated  a very  high  tendency  for  instability.  To  find  the 
cause  of  the  problem  a number  of  tests  were  conducted  and  it 
was  confirmed  as  shown  in  Fig. 4 that  system  becomes  unstable 
when  the  force  sensor  gain  exceeds  certain  limit. 

Unstable  behavior  takes  the  form  of  a limit  cycle  where  the 
robot  is  making  and  breaking  contact  with  the  motion 

simulator.  The  discontinuous  nature  of  this  response  makes  the 
system  difficult  to  model  using  linear  elements.  However  for 
the  purpose  of  simplicity  and  controller  design  we  will 
neglect  the  discontinuity  and  study  linear  system  models. 

There  has  been  extensive  work  done  by  [3]  in  order  to 
determine  the  dynamic  models  of  robots  working  under  force- 
feedback  control  . In  this  report  we  will  consider  general 
cases  that  work  under  conditions  similar  to  ours. 

3.1  DYNAMIC  MODELS  OF  FORCE-FEEDBACK  ROBOT 


3.1.1  CASE  #.l.  To  begin  with  a simple  case,  let  us  consider 
the  robot  to  be  a rigid  body  with  no  vibrational  modes.  Let  us 
also  consider  the  workpiece  (flight  side)  to  be  rigid  , having 
no  dynamics.  The  force  sensor  connects  the  two  with  some 
compliance  as  shown  in  Fig. 5. 


*.  1/ 
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Fig. 5:  Robot  model  for  case  #.l 

The  robot  has  been  modeled  as  a mass  with  a damper  to  ground. 
The  mass  m represents  the  effective  moving  mass  of  the  arm. 
The  viscous  damper  b is  chosen  to  give  the  appropriate  rigid 
body  mode  to  the  unattached  robot.  The  sensor  has  stiffness  k 
and  damping  b.  The  robot  actuator  is  represented  by  the  input 
force  F and  the  state  variable  x measures  the  position  of  the 
robot  mass . 
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The  open-loop  dynamics  of  this  simple  system  are  described  by 
the  following  transfer  function: 

X(s)/F(s)  = l/lm^s  +(b^+  bj  )s  + kl 

Since  this  robot  system  is  to  be  controlled  to  maintain  a 
desired  contact  force,  we  must  recognize  that  the  closed 
system  output  variable  is  the  force  across  the  sensor,  the 
contact  force 

^ = k X, 

Implementing  the  simple  proportional  force  control  law  : 

F = J^(^-^)  k^>=0 

which  states  that  the  actuator  force  should  be  some 

nonnegative  force  feed-back  gain  k,  times  the  difference 
between  some  desired  contact  force  Ft  and  the  actual  contact 
force.  This  control  law  is  embodiea  in  the  block  diagram  of 
Fig. 6. 


Fig. 6 Block  diagram  for  the  system  of  case  #.l 

The  closed  loop  transfer  function  then  becomes 

Fc  (s)/^  (s)  = 1^*  k^  / (m^s^+  ( b + bg  )s  + k ( 1 + 1^)1 

The  control  loop  modifies  the  the  characteristic  equation  only 
in  the  stiffness  term.  The  force  control  for  this  case  works 
like  a position  servo  system  • This  could  have  been  predicted 
the  model  in  Fig. 5 by  noting  that  the  contact  force  depends 
solely  upon  the  robot  position  x,.  . 

For  completeness  let  us  look  at  the  root  locus  plot  for  this 
system. 
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Fig.  7 shows  the  positions  in  the  s-plane  of  the  roots  of  the 
closed  loop  characteristic  equation  as  the  force  feedbback 
gain  k,  varies. 
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Fig. 7 Root  locus  plot  for  system  of  caset.l 

^For  k^ = 0,  the  roots  are  at  the  open  loop  poles.  The  loci  show 
that  as  the  gain  is  increased, the  natural ■ frequency  increases, 
and  the  damping  ratio  decreases,  but  the  system  remains 
stable.  In  fact,  k^ can  be  chosen  to  give  the  controlled  system 
desirable  response  charateristic . 

3.1.2  CASE  #.2  Include  flight  side  dynamics.  The  simple  robot 
system  of  Fig. 5 has  been  shown  to  be  unconditionally  stable 
•for  >=  0.  Force  controlled  systems,  however,  are  not  this 
simple  and  specially  the  neglecting  of  dynamics  of  the  of  the 
environment  with  which  the  robot  is  in  contact  plays  an 
important  role. 

Fig. 8 is  representing  the  system  in  which  the  dynamics  of  the 
environment  has  been  taken  into  consideration.  The  new  state 
variable  is  now  measures  the  position  . 
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Fig. 8:  Dynamic  model  of  robot  described  in  case#. 2 
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The  open  loop  transfer  function  of  this  two  degree  of  freedom 
system  robot  is  : 


X(s)/F(s)=tm^s^+n:i^+l:^)s+(tVi+hs)l/A  . ^ 

where  A = Im,  ^ ( ly ) s+k^  1 * [ro^s*"  + ( ) s+ ( k^. ) 1- ( b,  s+k^  ) 


The  output  variable  is  again  the  contact  force  F , which  is 
the  force  across  the  sensor,  given  by  F^  = k^tx^-  > . 


If  we  now  implement  the  same  simple  force  controller,  the 
control  law  remains  unchanged. 


F = k , ( F - Fc  ) 

The  block  diagram  for  this  control  system  is 


shown  in  Fig. 9. 


Fig. 9 : Block  diagram  for  the  system  of  case  #.2 


Note  that  the  feedforward  path  includes  the  difference  between 
the  two  open  loop  transfer  functions. 


The  root  locus  for  this  system  is  plotted  in 
force  feedback  gain  k^ is  varied. 


Fig .10 


as  the 


Fig. 10:  Root  locus  plot  of  system  of  case  #.2 
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As  the  root  locus  indicates  there  are  four  open  loop  poles  and 
two  two  open  loop  zeros.  The  plot  then  still  has  two 
asymptotes  at  + 90  . The  shape  of  the  root  locus  plot  tells  us 
that  even  for  high  values  of  gain,  the  system  has  stable  roots 
Therefore,  while  the  charateristic  of  the  workpiece  affect  the 
dynamics  of  the  robot  system,  they  do  not  cause  unstable 
behavior . 

3.1.3  CASE  #.3.  INCLUDE  ROBOT  DYNAMICS 

Since  the  addition  of  the  flight  side  dynamics  to  the  simple 
robot  system  model  did  not  result  in  the  observed 
instability,  we  will  consider  a system  with  a more  complex 
robot  model.  If  we  wish  to  include  both  the  rigid-body  and 
first  vibratory  modes  of  the  arm,  then  the  robot  alone  must  be 
represented  by  two  masses  . Fig  11  shows  the  new  system 
mode 1 . 
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Fig. 11:  Robot  system  model  described  in  case  #.3. 

The  total  robot  mass  is  now  split  between  m^and  m^^ . The  spring 
and  the  damper  with  values  k^and  b2.set  the  frequency  and 
damping  of  the  robot's  first  mode,'  while  the  damper  ground,  b|, 
primarily  governs  the  rigid-body  mode.  The  stiffness  between 
the  robot  mass  could  be  the  drive  train  or  transmission 
stiffness,  or  it  could  be  the  structural  stiffnes  of  al ink. The 
masses  mjand  m^,  would  then  be  chosen  accordingly.  The  sensor 
and  workpiece  are  modeled  in  the  same  manner  as  in  case  #.l 
and  case  #.2.  The  three  state  variables  X|  and  x^  measure 
the  positions  of  the  masses  m^  m^  and  m^  . 

This-mass  model  has  the  following  open-loop  transfer  function: 

B/Y  and  )^<s)/F(s)  = C/Y 
+ (bj  +1^  )s+(l^  +k^  ) ]-(bsS+kj  f 


X,  (s)/F(s)  = A/Y  , X-j(s)/F(s)  = 
where  . „ 

A = [n^  s +(bj  +1^  )s+(]^  +kj  ) ]*[ny,s 


506 


B = [m  a + ( b +b  ) s+  < k +k  ) 1 C ^ 

C = [tj2  a+kg  Hbj  s+kg  1 

Y=lro,3^+(bj  ) sMk^ +k^>  ] Mro^s^+ (b^  ^ ^ ' 

-Iro^s^  +(b^  )s+(k3  +k^)  1 [b2,s+k2l-[ni,  a +(b,  ^bj)s+k2  1 [b5S  + k5l 

The  contact  force  is  again  the  force  across  k / 


Fc  = *w> 

and  the  simple  force  control  law  xs 


F = k^  (^  - E;^  ) {K  ? = V) 

The  block  diagram  for  this  controller.  Fig. 12, shows 
the  feedforward  path  takes  the  difference  between 
loop  transfer  functions. 


again  that 
two  open- 


Fig.l2:  Block  diagram  of  the  system  of  case  #.3 
The  root  locus  plot.  Fig. 13,  shows  a very  interesting  effect 


The  system  is  only  conditionally  stable. 

For  low  values  of  k,  the  system  is  stable;  for  high  values  of 
k , the  system  is  unstable;  and  for  some  critical  value  of  the 
force  feedback  gain,  the  system  is  only  marginally  stable. 


The  + 60  asymptotes  result  from  the  system' 
loop  poles,  but  only  three  open  loop  zeros, 
open-loop  transfer  function  confirms  this; 
the  transfer  function  ralating  X (s)  to  F(s) 
polynomial  in  s. 


s having  six  open 
Inspection  of  the 
the  numerator  of 
is  a third-order 
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Fig. 13:  Root  locus  plot  for  the  system  of  Fig. 12 


4 . IMPLEMENTATION  AND  EXPERIMENTAL  RESULTS 
4 . 1 ADAPTIVE  CONTROL 

Determination  of  the  effect  of  load  variation  on  the  dynamics 
of  the  system  was  one  of  my  goals.  The  main  reason  for 
doing  this  was  to  determine  the  need  for  adaptive  control . 

It  is  obvious  that  upon  picking  up  a heavier  load,  the  moment 
of  inertia  which  describes  the  dynamics  of  the  system  changes 
considerably.  Any  control  law  which  was  designed  for  some 
nominal  payload  roust  change  if's  gains  to  accomodate  this 
disturbance.  If  these  changes  in  the  load  of  the  control 
system  are  significant  enough  to  cause  conventional  feedback 
control  strategies  to  become  ineffective  then  the  result  is 
reduced  servo  response  speed,  shaky  motions  and  reduced 
damping  which  limits  the  speed  and  the  precicsion  of  the 
robot . 

A number  of  experiments  were  conducted  on  the  the  RADL  robotic 
system  for  this  purpose. The  self-explanatory  results  are 
given  in  Fig. 14  and  Fig. 15. 

Fig. 14  is  the  current  and  position  response  of  the  system  with 
light  load  where  as  Fig«15  is  the  same  response  with  maximum 
load.  Priliminary  identification  did  not  indicate  any  changes 
in  the  transfer  function  of  the  system. 
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Pig. 15:  Current  and  position  response  for  heavy  loads 
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Fig. 16  and  Fig.  17  are  the  same  responses  in  an  expanded  time 
scale  in  order  to  have  a better  visual  undersatnding  of  the 
cahnges  that  take  place. 

_ig.l8  shows  the  output  of  tachometer  (velocity)  and  the 
position  as  function  of  time  with  load  and  expanded  time  scale 
for  further  identification  purposes. 

4.2  FORCE  FEEDBACK  CONTROL  IMPLEMENTATION 

Previous  work,  [21,  had  shown  that  implementation  of  force 
feedback  using  ASEA’s  adaptive  control  loop  could  be 

successful  only  for  low  values  of  control  gain.  Experiments 
were  conducted  to  analyzse  this  instabilty  and  determine 
it 'cause.  Fig. 4 is  the  result  of  the  experiment  which 
verifies  the  instability  problem. 

Efforts  to  determine  the  cause  of  instabillity  pointed  clearly 
to  the  time  delay  betwen  the  adaptive  control  input  port  and 
the  command  output  to  the  servo  drive  system. 

Test  data  were  taken  using  a digital  oscyloscope  to  determine 
the  direct  delay  between  the  adaptive  control  and  the  command 
output  to  the  servo  system.  The  results  showed  a delay  of 
approximately  280  milliseconds  which  confirmed  the  previous 
findings. 

To  solve  the  problem  of  instability,  there  were  three 

ilternatives , as  shown  in  Fig. 19,  to  choose  from: 

^o  Eliminate  the  time  delay  from  ASEA's  adaptive  control  loop, 
o Use  the  microVAX  11  computer 

o Bypass  ASEA's  digital  adaptive  control  loop  entirely  and 
replace  it  by  an  anlogue/digital  controller. 

The  first  and  very  logical  approach  required  midification  in 
the  ASEA's  adaptive  controller  software. Unfortunately  the 
implementation  turned  out  to  be  impractical  due  to  ASEA’s 
refusing  to  cooprate  and  provide  us  with  necsessary 

document at ion • 

The  second  approach  allows  an  external  computer  to  determine 
the  trojectory  of  the  robot  and  pass  the  command  position 
directly  to  the  ASEA  controller  in  an  open  loop  fashon.  This 
approach  is  presently  being  used  very  successfully  with  the 
six  degree  of  freedom  vision  control  system. 
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Pig. 16:  Current  and  position  response  in  one  second 
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Pig. 17:  Current  and  position  response  in  one  second 
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Pig. 18:  Velocity  and  position  response  in  one  second 
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Fig. 19;  Three  possibilities  of  force  feedback  implementation 


Although  this  approach  has  several  advantages  for  force 
feedback  control,  pratically  it  is  difficult  to  implement. 
This  difficulty  is  mainly  due  to  extensive  communication 
protocol  overhead  of  the  AHUP  commnication  package  along 
with  the  computational  speed  of  both  MicroVAX  11  and  ASEA 
control  computer.lt  was  experimentally  proved  that  there  was 
an  approximately  350  msec  delay  between  the  initiation  of  the 
movement  and  the  initiation  of  servo  control  signal. 

The  third  approach  and  presently  the  only  possible  practical 
approach  is  to  bypass  entirely  the  ASEA's  digital  controller 
and  design  a new  digital /analogue  controller.  It  is  obvious 
that  there  are  different  ways  of  implementing  this 
alternative.  But  the  easiest  and'  simplest  that  proves  the 
concept  was  to  take  advantage  of  the  fact  that  while  ASEA's 
position  control  is  digital  the  velocity  control  is  analogue. 
This  feature  allows  one  to  apply  any  feedback  signal  to  the 
analogue  summing  junction. 

In  our  case  analogue  voltages  from  the  force/torque  sensor  are 
conditioned  (attenuated  ),and  applied  to  the  summing  junction 
of  the  velocity  feedback  loop  for  each  of  the  robot's 
motor. 

It  should  be  noted  that  digital  position  controller  must  be 
disconnected  otherwise  the  combination  of  two  controllers  for 
one  axis  may  result  in  unpredicted  behavior,  most  likely 
violent  oscillations. 


A 1 D.O.F 
to  the 
determination  of 
successfully.  The 
stability  occured 
equi va 1 1 ent 1 y a 

in. /sec . /lb. 


stability  test  was  performed  using  a pin  attached 
robot  with  break-away  bolts.  An  experimental 


marginal  stability  gain  was  conducted 
resulst  are  shown  in  Fig. 20.  Marginal 
with  the  electronic  gain  set  at  0.035  or 
force  feedback  control  gain  of  0.21 
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Pig. 20:  Stable  and  unstable  operation 
of  force-feedback  control  using  analogue  controller 
(bypassing  ASES's  adapting  capabilities) 
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5 . CONCLDSIONS  AND  RECOMMENDATIONS 


The  ASEA  digital  adaptive  control  loop  can  provide  force 
feedback  control  only  for  low  fe/edback  gains.  Lowering  the 
feedback  gain  results  in  stability  but  does  not  provide 
needed  dynamic  behavior. 

Presently,  the  time  delay  between  the  adaptive  control  input 
port  and  the  command  output  to  the  servo  drive  system,  seeems 
to  be  the  main  cause  of  instability.  Therefore,  to  solve  the 
problem  and  insure  stability,  the  ASEA  adaptive  control 
feature  must  be  modified,  if  not  possible,  it  must  be 
recplaced  entirely. 

The  replacement  was  proved  to  be  possible  and  effective  by 
bypassing  the  adaptive  loop  and  feeding  the  force/torque 
sensor's  output  directly  (with  some  attenuation)  to  the 
velocity  summing  junction.  It  was  shown  experimentally  that 
the  system  would  operate  with  higher  force  feedback  control 
gains.  Therefore,  it  is  recommended  that  the  work  on  bypassing 
ASEA's  adaptive  control  loop  be  continued  . 

The  stability  problem  can  be  further  improved  by  improving 
the  analogue  circuit  which  conditions  the  analogue  signal  from 
the  output  of  force  /torque  sensor.  Use  of  proper  shielding, 
adequate  componets  would  undoubtedly  help. 

The  changes  in  the  dynamics  of  the  system  because  of  load 
varriation  , based  on  priliroinary  identification  , does  not 
seem  to  be  significant.  This  matter  will  be  further  and  in 
more  detail  studied  by  the  author. 

The  dynamic  models  of  the  robotic  systems  were  derived  and 
analyzed  . The  use  of  passive  compliance  appears  to  be  useful 1 
for  both  the  orientation  axes  as  wel  as  for  fine  motions  of 
the  translational  axes  . Therefore  it  should  be  further 
invistegated . 

While  performing  our  experiments , an  unbelievable  high  level  of 
noise  were  noiced  to  be  present  in  the  signals  coming  from 
ASEA  electronic  circuitry.  Efforts  were  made  to  reduce  the 
level.  Unfortunately  still  the  ratio  of  noise  to  signal  is 
unacceptabe.  It  is  a matter  of  importance  to  find  the  source 
of  the  noise  and  if  it  can  not  be  eliminated,  proper  grounding 
and  shielding  systems  be  used. 
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ABSTRACT 
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This  study  had  as  an  objective  the 

pLnnef'ex^nsloHs? 

ar thr ‘ Ui  st:ilon"p?o j^rt^rthi  existm,  cho/chE 

network. 

il::  :a^;-‘nnt:^«t:fiu-^^^^^^^ 

such  as.  ^--J„nr;acL?r’'1««nt‘‘‘:tI!C:tLrorn:?;crh 
c:^«l?y!  Sa“rraffir rates.  aL  packet  size  distributxon. 

r%  fdfh^“*o^  Te  rtherfer“f«or^  a^* ™"lvefa^,e 

s?a?i;f  -orUoaS  was  also  determined.  The  average  desrgn 
Station  lortload  was  used  to  project  the  increased  traffic  on 
the  existing  network  and  the  planned  Tl  lin  . 

This  performance  evaluation  of  the  network  will  aid  the 
NAS^K^  network  managers  in  planning  for  the  integration  of 
future  workload  requirements  into  the  existing  networ  . 
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1 . INTRODUCTION 


The  Computer  Aided  Deaign/Computer  Aided  Engineering  (CAD/CAE) 
graphics  network  at  the  Kennedy  Space  Center  is  composed  of 
several  Local  Area  Networks  (LAN).  These  LAN's  are 

interconnected  through  either  bridges  or  routers.  There  is 
also  a broadband  connection  and  a planned  interconnect  through 
a T1  link.  The  design/engineering  workstations  are  various 
Intergraph  products.  The  architectural  philosophy  is  that 
the  workstations  are  driven  by  a Digital  Equipment  VAX  cluster 
(ref.  1)  that  is  composed  of  a VAX  785  and  a group  of  disks 
accessed  through  a Hierarchical  Storage  Controller  (HSC). 
This  cluster  also  has  two  other  VAX's,  a VAX  750  and  a VAX 
700.  These  VAX's  support  other  functions. 

The  Intergraph  workstations  all  use  the  VAX  for  their  work 
environment,  i.e.,  any  command  generated  at  the  menu  is  sent 
to  the  VAX  for  an  update  of  the  opened  drawing  file  and  also 
displayed  on  the  graphics  monitor.  This  results  in  all,  or 
nearly  all,  traffic  being  routed  between  the  workstation  and 
the  VAX  cluster. 

The  Intergraph  workstations  utilize  the  Xerox  Network  Standard 
(XNS)  protocol  residing  in  an  of  an  Ethernet  frame  for  the 
data  link  and  physical  layer.  There  are  three  other  major 
protocols  on  the  Ethernet  link  (ref.  2).  They  are  Transport 
Control  Protocol /Internet  Protocol  (TCP/IP),  DecNet,  and 
Address  Resolution  Protocol  (ARP) (ref.  3).  There  is  also 
traffic  generated  by  other  anciliary  networks  and  protocols 

The  intent  of  this  study  is  to  obtain  operating  data  on  the 
packet  traffic  generated  on  the  CAD/CAE  graphics  network,  the 
distribution  of  packet  size,  the  protocol  distribution  on  the 
network,  the  destination/source  traffic  matrix,  the  amount  of 
stress  that  can  be  put  on  the  network  while  still  being  able 
to  operate  normally,  and  to  determine  the  characteristics  of 
the  average  workstation/designer  load. 

In  the  sections  that  follow,  the  following  items  will  be 
discussed.  A review  of  the  NASA/KSC  CAD/CAE  graphics  network 
configuration,  Ethernet  principles,  experimental  environment, 
evaluation  under  normal  and  stressed  operating 
loads,  and  typical  workstation  environment. 

NASA/KSC  CAD /CAE  GRAPHICS  NETWORK  CONFIGURATION 

The  NASA/KSC  CAD/CAE  graphics  network  configuration  is 
composed  of  a VAX  785,  an  HSC  70,  and  several  disks.  This  is 
one  of  three  VAX's  in  the  VAX  cluster.  This  configuration  is 
illustrated  in  Figure  1.  This  VAX  is  interfaced  to  the  NASA 
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Ethernet  LAN  which  has  fourteen  (14)  Intergraph  workstations, 
a Versatec  plotter,  two  bridges  (one  baseband  and  one 
broadband),  and  a router (ref.  4). 

The  NASA  LAN  is  connected  to  a EG&G  LAN  through  the  baseband 
bridge  and  the  O&C  LAN  through  a router.  The  broadband  bridge 
connects  to  a workstation  in  the  O&C.  There  is  only  one 
workstation  at  present  connected  to  the  broadband  bridge.  The 
O&C  Ethernet  connected  through  the  router  has  seven  ( 7 ) 
Intergraph  workstations  connected  to  it  and  the  EG&G  LAN 
connected  through  a bridge  has  seven  (7)  workstations,  a 
terminal  server  (which  at  present  is  inactive),  and  a ^AX 
250.  There  are  two  routers  connected  to  the  main  router  off 
the  NASA  LAN,  one  router  serves  the  O&C  LAN  described  above 
and  the  other  router  serves  a workstation  in  the  EDL  building. 
The  CAD/CAE  graphics  network  architecture  and  the  building 
configuration  are  shown  in  Figure  2 and  3,  respectively. 

It  should  be  noted  that  the  number  and  placement  of 

workstations  varies  with  time  and  this  was  a snapshot  on  a 
particular  date. 

The  Intergraph  workstations  include  various  models.  A 
description  of  these  are  given  in  Figure  4,  while  their 
placement  is  shown  in  Figure  2. 

3.  ETHERNET 

Ethernet  provides  the  services  of  the  lower  two  layers  in  the 
International  Standards  Organization  (ISO)  Open  Systems 
Interconnection  (OSI)  model  for  network  protocols  (ref.  3). 
There  are  seven  layers  in  this  model. 

The  layers  and  a brief  description  of  their  functions  follow. 
The  lowest  layer  is  the  Physical  layer  which  is  concerned  with 
transmitting  the  bits  over  the  transmitting  medium,  the  next 
layer  is  the  Data  Link  layer  which  is  concerned  with  preparing 
the  line  for  transmission  and  framing  the  packets  so  that 
their  is  a delineation  of  the  packet  boundaries,  addressing, 
and  error  detection.  This  is  the  layer,  along  with  the 
Physcial  layer,  for  which  Ethernet  is  used.  The  next  layer 
is  the  Network  layer,  this  layer  determines  how  packets  are 
routed  through  the  sub-networks.  Above  this  layer  is  the 
Transport  layer,  which  mainly  fragments  the  packet  into 
smaller  units,  if  needed,  and  insures  that  these  fragments 
will  be  correctly  put  back  together.  The  next  layer  is  the 
Session  layer,  which  is  basically  the  user's  interface  to  the 
network.  The  other  two  layers  are  the  Presentation  and 
Application  layers.  They  are  used  for  tasks,  such  as  data 
compression  and  data  distribution,  respectively. 
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The  Physical  layer  characteristics  for  Ethernet  (ref.  2)  are: 
Data  rate:  10  Million  bits /second 

Maximtim  station  separation:  2.5  Kilometers 

Maximum  number  of  stations:  1024 

Medium:  Shielded  coaxial  cable,  base-band  signalling 

Topology:  Branching  non-rooted  tree 

The  Data  Link  characteristics  are: 

Link  control  procedure:  Fully  distributed  peer  protocol, 

with  statistical  contention  resolution 
Message  protocol:  Variable  size  frames,  "best  effort 

delivery" 

Ethernet  is  a carrier  sense  protocol,  i.e.,  all  stations 
monitor  the  cable  (the  ether)  during  their  transmission, 
terminating  transmission  immediately  if  a collision  is 
detected.  When  an  Ethernet  station  wishes  to  transmit  a 
packet  a carrier  sense  is  performed  forcing  the  station  to 
defer  if  any  transmission  is  in  progress.  If  there  is  no 

station  sensed  to  be  transmitting  then  the  sender  can  transmit 
immediately,  otherwise  the  station  waits  until  the  packet  has 
passed  before  transmitting.  It  is  possible  that  two,  or  more, 
stations  will  sense  the  channel  idle  at  the  same  time  and 
' begin  transmitting.  This  has  the  possibility  of  producing  a 
collision.  The  station  will  continue  monitoring  and  sense 
' this  collision.  When  a collision  is  detected  the  station  will 
' stop  transmitting  and  will  reschedule  a re-transmission  at 
'•  some  later  time.  Retransmission  time  is  random  and  is  selected 
using  a binary  exponential  backoff  algorithm. 

This  mechanism  is  called  "carrier  sense  multiple  access  with 
collision  detection  (CSMA/CD)".  In  a complete  network 
architecture,  suitable  packet  protocols  are  layered  within 
this  procedure.  The  Ethernet  frame  format  is  shown  in  Figure 
5,  while  the  TCP/IP  headers  are  shown  in  reference  3,  page 
374.  The  data  in  Figure  5 is  the  packet  formed  by  the  TCP/IP 
protocol,  or  another  suitable  protocol.  The  packet  contains 
the  user  generated  data. 

5.  EXPERIMENTAL  ENVIRONMENT 

To  enable  collection  of  data  concerning  the  traffic  on  the 
NASA/KSC  CAD/CAE  graphics  network  a network  analyzer  was  used 
to  characterize  the  traffic.  Network  analyzers  are  useful 
systems  for  monitoring,  debugging,  managing,  and 
characterizing  local  area  networks.  Specifically,  the 
' analyzer  can  examine  all  packets  transmitted  on  the  network. 
The  packets  can  be  captured,  timestamped,  and  stored  based  on 
user-defined  criteria,  which  may  include  packet  length,  packet 
content,  source/destination  address,  protocol  type,  and  time. 
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They  will  also  compute,  display,  and  store  statistics  about 
network  activity,  such  as  network  utilization,  average  and 
peak  traffic  rates,  packet  sizes,  interpacket  arrival  times, 
and  other  items.  They  can  also  be  used  to  generate  network 
traffic  by  transmitting  user-defined  packets.  The 

transmission  rate  and  packet  size  can  be  controlled  by  the 
user . 

There  are  also  other  functions  which  can  be  utilized,  such  as 
testing  the  Ethernet  cable  for  opens  and  shorts;  and  decoding 
of  protocols. 

The  network  analyzer  used  for  these  tests  was  an  Excelan 
LANalyzer  EX  5000  Series  Network  Analyzer  (ref.  5)  installed 
on  a WYSE  PC286  computer.  The  user  interface  was  through 
several  screens.  They  are; 

Setup  screen:  Allows  the  user  to  specify  test  criteria 

Run  screen:  Displays  results  of  test  in  progress 

Trace  screen:  Shows  information  about  contents  of 

packets  collected  during  a test 
Statistics  screen:  Displays  statistics  about  the  packets 

collected 

Setup  pattern  screen:  Allows  the  user  to  define  patterns 

that  the  packet  roust  match  to  be  received 

An  example  of  e^ch  one  of  these  screens  is  shown  in  Figures  6 

-10. 

The  procedure  used  was  to  interface  the  network  analyzer 
through  an  Ethernet  tap  into  a particular  sub-network.  Since 
the  networks  only  have  their  local  traffic  and  traffic 
targeted  for  an  Ethernet  address  on  that  network,  the  analyzer 
was  moved  to  the  EG&G  subnetwork  and  the  O&C  subnetwork  to  be 
able  to  monitor  the  entire  CAD/CAE  graphics  network.  The  EG&G 
network  has  a bridge  separating  it  from  the  NASA  LAN, 
therefore  any  local  traffic  would  not  be  passed  to  the  NASA 
LAN;  while  the  O&C  LAN  interfaces  to  the  NASA  LAN  through  a 
router,  hence  the  only  interface  address  will  be  the  router 
Ethernet  address . 

In  a later  section  a traffic  matrix  will  enumerate  traffic 
patterns,  both  internet  and  intranet-  Although,  due  to  the 
Intergraph  architecture  the  majority  of  the  traffic  is  between 
workstations  and  the  VAX  host. 

6.  PERFORMANCE  EVALUATION  UNDER  NORMAL  OPERATING  LOADS 
6.1  PACKET  TRAFFIC 

The  packet  traffic  on  the  Ethernet  has  been  observed  to  be 
about  2,400,000  packets  over  24  hours.  This  can  be  broke  down 
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into  1,670,000  packets  during  daylight  and  730,000  packets 
during  evening  hours  and  as  one  suspects  the  majority  of  the 
packet  traffic  is  generated  during  the  daylight  hours.  This 
traffic  totals  about  340,000  Kilobytes.  The  Ethernet  load 
versus  time  of  day  is  shown  in  Figure  11. 

6.2  UTILIZATION 

The  Ethernet  utilization  over  a 24  hour  period  is  shown  in 
Figure  12,  and  is  shown  to  range  from  negligible  to  a high  of 
0.88  %.  This  percentage  is  based  on  the  Ethernet  rate  of  10 
Million  bits/second.  As  can  be  seen  from  the  illustration 
most  of  the  data  communication  tends  to  occur  in  bursts.  A 
peak  utilization  of  3 % had  been  observed  on  other  tests  not 
presented . 

6 . 3 PACKET  LENGTH 

The  distribution  of  packet  lengths  over  a 24  hour  time  period 
is  shown  in  Figure  13  and  reflects  the  kinds  of  applications 
that  are  present  on  the  network.  These  would  range  from 
"handshakes"  or  acknowledgements,  to  transmittal  of  drawing 
commands  between  workstations  and  the  VAX,  to  file  transfers, 
to  mail  messages.  One  can  see  this  reflected  in  the 
illustration,  i.e.,  there  is  a concentration  of  packet  lengths 
at  the  low  end  and  the  high  end.  The  allowable  distribution 
from  the  Ethernet  frame  is  a minimum  of  64  bytes  to  a maximum 
of  1518  bytes. 

It  should  be  noted  that  there  is  a reasonably  high  overhead  on 
this  Ethernet  link.  This  is  not  unusual  in  an  environment 
where  most  of  the  traffic  is  request/response  with  a server. 
The  overhead  in  the  Ethernet  frame  is  18  bytes  and  the 
overhead  in  TCP/IP  is  on  the  order  of  40  bytes.  No 
information  was  available  on  the  XNS  protocol  overhead,  but  it 
can  be  assumed  to  be  of  the  same  order  as  TCP/IP. 

6.4  SODRCE/DESTINATION  TRAFFIC  PATTERN 

The  internet  source/destination  traf f ^c  pattern  is  shown  in 
Figures  14-16  for  the  traffic  on  the  NASA,  EG&G,  and  O&C 
LAN's,  respectively.  Figure  17  illustrates  the  intranet 
traffic  between  these  LAN's.  These  figures  illustrate  that 
most  of  the  traffic  is  between  the  workstations  and  the  VAX 
cluster,  since  all  drawing  files  reside  at  the  VAX  cluster 
site  and  commands  are  transmitted  between  the  Intergraph 
workstations  and  the  VAX.  Figure  18  illustrates  the  protocol 
division  on  the  Ethernet  link  for  a typical  day.  For  the 
CAD/CAE  graphics  architectural  environment  most  of  the 
protocol  traffic  is  XNS,  as  one  might  suspect.  This  traffic 
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rjiven  as  a peak  rate  for  both  packets  per  second  and  in 
Kilobytes  per  second.  One  should  note  that  these  rates  have 
an  overhead  associated  with  them,  since  if  an  Intergraph 
workstation  is  on,  but  idle  then  a "handshake"  is  reciprocated 
with  the  VAX  at  the  rate  of  approximately  4 packets  every  30 
seconds.  There  is  also  traffic  other  than  design  traffic  on 
the  Ethernet  link  as  illustrated  by  Figure  18. 

6,5  COLLISIONS  AND  CRC  ALIGNMENTS 

There  are  very  few  packets  lost  through  either  collisions  or 
from  CRC  alignments  (ref.  6).  The  carrier  sense  before 
transmission  feature  of  Ethernet  should  keep  the  collision 
rate  low,  especially  during  low  utilization  rates.  The 
passive  and  shielded  characteristics  of  the  Ethernet  link 
should  maintain  a low  error  rate  in  the  data  transmission. 
For  a typical  24  hour  day  there  were  13  CRC  alignments.  This 

particular  network  analyzer  model  did  not  collect  collision 
data . 


6.6  INTERPACKET  ARRIVAL  TIMES 

Since  the  majority  of  the  traffic  on  the  Ethernet  is 
request/response  actions  with  a server,  such  as  the  VAX  or  a 
router,  there  will  be  a large  interpacket  arrival  time.  This 
IS  illustrated  in  Figure  19. 

Zjl  PERFORMANCE  EVALUATION  UNDER  STRESS 

The  Excelan  LANalyzer  has  the  capability  to  create  a test  load 
on  the  Ethernet  link  by  transmitting  a large  number  of  packets 
very  rapidly.  The  load  parameters  can  be  varied  to  obtain 
levels  of  utilization.  This  can  be  done  by  varying 
the  data  length  and  delay  between  successive  packets.  The 
prxmary  purpose  of  this  test  is  to  determine  how  the  hosts  on 
the  network  respond  to  various  percent  utilization  levels. 
The  Ethernet  link  was  stressed  at  5%,  20%,  30%,  40%,  and  75% 

utilization  levels. 

Fxgures  20  - 29  present  the  results  of  the  stress  tests  at 

varxous  levels  of  peak  utilization.  The  Run  Global  Screen 
records  the  peak  utilxzation  and  Statistics  Transmission 
Screen  records  the  number  of  collisions  and  deferred  packets 
for  the  gxven  number  of  packets  transmitted  during  the  test. 

The  test  model  used  to  generate  packets  and  transmit  them  at 
the  network  analyzer  station  and  then  monitor  workstation 

response  at  an  adjacent  Intergraph  workstation  is  described 
below . 
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The  packets  transmitted  had  a destination  address  of 
000000000000,  this  address  will  put  packets  on  the  Ethernet 
link,  but  no  host  will  accept  the  packet.  This  test  was  run  in 
the  evening  when  there  was  minimal  traffic  on  the  Ethernet 
link.  The  designer  was  logged  on  while  the  Ethernet  traffic 
stabilized  at  the  various  utilization  levels,  after 
stabilization  attempts  were  made  to  shade  a drawing,  since 
this  requires  a reasonable  amount  of  time  and  the  transmission 
of  numerous  large  packets  from  the  VAX  to  the  workstation.  It 
was  determined  that  the  operational  times  were  negligibly 
different  through  the  83%  utilization  level  and  the 
request /completion  time  was  about  1 minute  and  15  seconds  for 
all  utilization  levels. 

This  test  implies  that  the  effective  bandwidth  is  at  least  83% 
and  according  to  published  data  (ref.  7)  should  be  100%  of  the 
10  Million  bits/second  Ethernet  capacity.  Although,  the  model 
used  is  a single  source  for  the  generated  traffic,  rather  then 
using  N sources  each  generating  M packets /second  to  maintain 
N*M  packets /second  traffic,  for  which  other  results  might  be 
obtained . 

There  was  also  no  attempt  to  vary  packet  length,  while  still 
maintaining  a fixed  load.  This  would  come  more  closely  to 
simulating  the  actual  load  on  the  network,  if  the  packet  size 
transmitted  was  the  average  packet  size  observed  on  the 
network. 


8.  TYPICAL  WORKSTATION  PROFILE 

The  determination  of  a typical  workstation  profile  is  very 
difficult,  since  there  are  many  variable  parameters.  These 
parameters  include  whether  the  designer  works  in  conjunction 
with  an  engineer  who  is  supplying  the  work  effort,  thereby  the 
designer  can  maintain  a steady  work  effort  as  contrasted  to 
the  think-react  mode;  to  the  type  of  work  being  performed, 
i.e.,  file  transfers,  plot  preparation,  drawing  file  updates, 
new  drawing  generation,  library  creation,  etc. 

The  following  average  parameters  were  • jtained  from  collecting 
data  on  several  workstations  for  three  consecutive  day /evening 
periods.  The  parameters  obtained  were, 

o Average  packet  size  - 72  bytes 
o Peak  traffic  rate  - 5 packets/second  or 

0.64  Kilobytes /second 

Additional  data  was  taken  for  shading  a drawing,  which 
requires  a relatively  large  peak  packet/second  rate.  This 
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resulted  in  the  following  parameters, 

o Average  packet  size  — 385  bytes 
o Peak  traffic  rate  - 87  packets /second  or 

33.5  Kilobytes/second 

This  information  could  then  be  used  to  project  the  amount  of 
traffic  on  the  T1  link  due  to  N workstations. 

8.1  USAGE  ESTIMATE  FOR  SPACE  STATION  PROJECT 

The  Space  Station  CAD/CAE  effort  is  targeted  at  a level  of  63 
workstations  and  it  is  assumed  that  the  worst  case  environment 
would  be  for  each  workstation  to  have  the  drawing  file  reside 
on  a host,  rather  than  stand-alone  systems.  This  would 
require  all  commands  to  be  sent  and  acknowledged  on  the  link. 

Assuming  another  worst  case  scenario,  where  there  is  a peak 
rate  burst  of  all  workstations  at  same  time,  then  utilizing 
the  typical  workstation  load,  it  will  result  in  a peak  traffic 
on  the  link  of  315  packets/second,  or  22.70  Kilobytes/second. 

8.2  PREDICTED  Tl  LINK  UTILIZATION 

The  Tl  link,  which  is  the  interface  between  the  Space  Station 
workstations  and  the  NASA  LAN,  can  support  ^44, 000 

bits/second  and  the  average  traffic  generated  is  181,600 
bits/second.  For  the  case  of  shading  a drawing,  which  is  a 
relatively  file  intensive  operation,  the  Tl  link  should  be 
able  to  support  five  (5)  designers  shading  a drawing 
concurrently . 

One  can  also  reverse  engineer  the  situation  by  determining  how 
many  packets/second  the  Tl  link  can  support  and  then  determine 
the  relationship  to  the  number  of  workstations  on  the  Space 
Station  project. 

The  1.544  Million  bit/second  link  can  support  a high  of 

approximately  19500  packets/second  for  64  byte  packets  to  a 
low  of  825  packet 3 / second  for  1518  byte  packets.  This  is 

obtained  by  assuming  a minimum  Ethernet  frame  size  of  64 

bytes  and  a maximum  frame  size  of  1518  bytes.  This  then 
results  in  each  workstation  generating  between  13  and  309 

packets /second  as  a maximum  for  1518  and  64  byte  packets, 
respectively.  This  is  worst  case,  since  one  has  assumed  all 
traffic  would  be  generated  concurrently.  The  average  packet 
length  generated  is  72  bytes,  which  results  in  each 
workstation  having  to  generate,  as  a maximum,  275 
packets /second  concurrently  with  all  other  workstations,  on 
the  average. 
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The  measurements  reported  reflect  only  the  actual  packet 
traffic  on  the  Ethernet  link,  not  the  actual  work  effort  in  a 
design  project . The  workload  in  a design  project  is  composed 
of  tasks  other  than  workstation  interaction  and  the  amount  of 
interaction  will  depend  upon  the  task. 

The  projected  Space  Station  design  effort,  or  any  design 
effort,  is  not  a superposition  of  N typical  workstation 
efforts.  Since,  except  in  an  unusual  circumstance,  the 
designers  would  not  all  be  sending  packet  traffic  on  the  link 
at  the  same  instance.  The  projection  is  therefore  a worst 
case  scenario. 

The  stress  test  portion  of  the  study  should  be  expanded  to 
include  several  other  variations,  these  would  be; 

o variation  of  packet  length  at  various  utilization  levels 

o perform  the  test  with  N packet  generating  sources  to 
achieve  the  same  utilization  level  as  with  a single 
source 

o determine  the  effective  bandwidth  for  different  CAD/CAE 
workstation  models 

o generate  experimental  test  data  on  the  T1  link 

utilization  for  average  traffic  and  file  intensive 
traffic 

It  would  also  be  of  interest  to  obtain  packet  information 
similar  to  that  obtained  on  the  CAD/CAE  graphics  sub-networks 
for  all  the  NASA/KSC  interconnected  networks.  This  would 
reflect  a system-wide  utilization  of  the  networking 
facilities . 

From  the  test  data  obtained  in  this  sti^dy  one  can  conclude 
that  there  is  considerable  slack  in  he  CAD/CAE  graphics 
Ethernet  network  at  present  and  i . should  be  able  to 
accomodate  an  expanded  work  effort.  One  can  also  conclude 
that  the  T1  link  should  support  the  planned  Space  Station 
effort  with  a reasonable  response. 
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